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i. Abstract 
 
The current set of three studies comprises preparative synthetic organic chemistry, 
membrane biophysics, and enzymology.  Specifically, racemic and chiral synthetic organic 
preparations of distearoylphosphatidylinositol-4-phosphate (DSPIP) are described, along with 
tangential studies that inform use of protecting group strategies and the limits and behaviour of 
key myo-inositol-based intermediates.  The biophysical behaviour of this lipid as a function of 
temperature, pressure, and concentration in dioleoyl phosphatidylcholine and hydration has 
been examined.  Unsaturated analogues of DSPIP, comprising oleoyl (SOPIP) and γ-linolenoyl 
(SGPIP) have also been prepared, both racemically and chirally.  The Enzymology study 
comprised kinetic assays of the three enantio-pure lipids DSPIP, SOPIP and SGPIP prepared in 
the organic study with Salmonella (bacterial) phosphatase SopB and has established that 
increasing numbers of unsaturated bonds in the glyceride residue of the inositide has a decreasing 
effect on activity of the enzyme and are in agreement with previous preliminary results for this 
enzyme.  This body of work provides further evidence that the sensitivity of biological systems to 
fatty acids is primarily physical. 
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the aqueous core, making it circular, shown on the right.  The darker fatty acid residues in the right-hand 
diagram are those that are more stretched in order to fit into this aggregation. ........................................ 306 
Fig. 75.  Coloured wide-angle XRD intensity image of 10% DSPIP in DOPC at -12 °C, with two-
dimensional intensity trace and magnification (insert) showing the two closely-places reflections.  Numbers in 
square brackets represent the reflections of the gel lamellar phase identified.  These wide-angle reflections are 
at 4∙24 and 4∙1 Å, respectively.  The non-periodic areas of high intensity are caused by inconsistencies in the 
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Fig. 76.  Diagram of the packing of hexagonal lattice cylinders (left), with one ‘slice’ removed (right). ...... 308 
Fig. 77.  Stack plot of an increasing temperature scan, starting at -15 °C, of 10% DSPIP in DOPC.  On 
increasing temperature, the system moves towards an hexagonal phase, reaching this by 0 °C.  The 
hexagonal phase is first visible at -9 °C in the first order signal region.  Second and third order signals are not 
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Fig. 78.  Coloured wide-angle XRD intensity image of 50% DSPIP in DOPC at -12 °C. ........................ 312 
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Fig. 79.  Small-angle diffraction pattern of 50% DSPIP in DOPC at -12 °C.  The lattice parameters of the 
phases observed are 51∙2 Å (hexagonal) and 72∙3 Å (lamellar).  Insert is the two-dimensional intensity plot of 
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Fig. 80.  Stack plot of d-spacing of fluid and inverse hexagonal phases as a function of temperature.  Black 
dotted lines represent the initial d-spacing (at-12°C), demonstrating that the d-spacing of both the lamellar 
and hexagonal phases increases over the course of this scan (rates of 0∙45 Å/°C and 0∙74 Å/°C, respectively).
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Fig. 81.  Bar chart showing the relationship between temperature and composition DSPIP in DOPC, at 
66 wt% hydration.  Colour coding: light blue = fluid lamellar; red = inverse hexagonal; yellow = inverse 
hexagonal, fluid lamellar and crystal lamellar; orange = gel lamellar and inverse hexagonal, green = gel 
lamellar, turquoise blue = crystal lamellar; claret = fluid lamellar and inverse hexagonal, grey = suspected 
micellar.  Uncoloured areas indicate no data acquired.  0% DSPIP/DOPC data from ref 343. .................. 316 
Fig. 82.  Graph showing ionisation/protonation of common phospholipids.  Diagram courtesy of 
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Fig. 83.  Reproduction of phase diagram for DOPC under excess hydration, published by Landwehr and 
Winter343.  100 MPa = 1,000 Bar. ..................................................................................................... 328 
Fig. 84.  Phase diagram of dipalmitoyl-phosphatidylcholine (DPPC) in excess water (top) and schematic 
drawing of the packing of the d-spacing at 23 °C (bottom).  Lβi is an inter-digitated gel lamellar phase.  
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Fig. 85.  Chain melting boundaries (i.e. formation of the fluid lamellar phase from a more ordered lamellar 
phase) for a variety of phospholipids.  Prefices DP = dipalmitoyl, DM = dimyristoyl, DE = dielidoyl, PO = 
palmitoyl-oleoyl.  Taken from ref 136. .................................................................................................. 328 
Fig. 86.  Infinite periodic minimal surfaces upon which form the geometrical basis for the three bicontinuous 
phases observed in phospholipid systems, (a) Im3m, (b) Pn3m, (c) Ia3d.  The (000-111) black line represents 
the vector through which Gaussian curvature is at its minimum for this phase, and the vertical line represents 
the vector of maximum Gaussian curvature.  All of the lines pass through the lipid bilayer at right angles.  
Diagrams taken from ref 357. .............................................................................................................. 330 
Fig. 87.  Pressure scan of 2% DSPIP in DOPC (1 Bar to 3,600 Bar), 14∙9 °C, x axis = 1/d-spacing (1/Å), 
y axis = pressure (Bar), z = intensity (a.u.).  Shown as a 3D stack plot. ................................................ 332 
Fig. 88. Left:  sets of data points taken for 2% DSPIP in DOPC system from the pressurising scans.  Right: 
data points with boundary lines drawn in.  Colour coding: red = inverse hexagonal, yellow = inverse 
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hexagonal and fluid lamellar, light blue = fluid lamellar, orange = fluid lamellar and crystal lamellar, green 
= crystal lamellar, turquoise blue = crystal lamellar, hexagonal and fluid lamellar.  Dots represent the 
presence of the Ia3d phase. ................................................................................................................ 334 
Fig. 89.  Phase diagram of the 2% DSPIP system at 66 wt% hydration under pressurising conditions.  The 
black lines represent approximate phase boundaries.  The dotted line represents the lowest boundary for the 
existence of the Ia3d cubic phase. ....................................................................................................... 334 
Fig. 90.  Left:  data points taken for 2% DSPIP in DOPC system, from depressurising scans.  Right: data 
points with boundary lines drawn in.  Colour coding: red = inverse hexagonal, yellow = inverse hexagonal 
and fluid lamellar, light blue = fluid lamellar, orange = fluid lamellar and crystal lamellar, green = crystal 
lamellar, turquoise blue = crystal lamellar, hexagonal and fluid lamellar.  Dots represent the presence of the 
Ia3d phase. ...................................................................................................................................... 335 
Fig. 91.  Phase diagram of the 2% DSPIP system at 66 wt% hydration under depressurising conditions.  
The black lines represent approximate phase boundaries.  The dotted line represents the lowest boundary for 
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Fig. 92.  Pressurising scan of 2% DSPIP in DOPC at 14∙9 °C.  Phase assignments are marked, along with 
x,y intensity plots of individual frames showing (top to bottom) crystal lamellar, crystal lamellar/fluid 
lamellar mixture (signals not separable), fluid lamellar, and inverse hexagonal.  On these plots, the y axis 
represents intensity (arbitrary units) and the x axis represents 1/d-spacing (Å-1). .................................... 336 
Fig. 93.  Left:  data points taken for 50% DSPIP in DOPC system, from pressurising scans.  Colour coding: 
red = inverse hexagonal, yellow = inverse hexagonal and untilted gel lamellar, orange = tilted gel lamellar, 
untilted gel lamellar, Black = all four phases, green = crystal lamellar untilted gel lamellar and inverse 
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and inverse hexagonal, claret = crystal lamellar and inverse hexagonal. ................................................ 338 
Fig. 94.  Phase diagram of the 50% DSPIP system at 66 wt% hydration, from pressurising scans.  The black 
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Fig. 95.  Left:  data points taken for 50% DSPIP in DOPC system, from depressurising scans.  Colour 
coding: red = inverse hexagonal, yellow = inverse hexagonal and fluid lamellar, light blue = fluid lamellar, 
orange = fluid lamellar and crystal lamellar, green = crystal lamellar, turquoise blue = crystal lamellar, 
hexagonal and fluid lamellar.  Dots represent the presence of the Ia3d phase.  Right: data points with 
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Fig. 96.  Phase diagram of the 50% DSPIP system at 66 wt% hydration, from depressurising scans.  The 
black lines represent approximate phase boundaries. ............................................................................ 339 
Fig. 97.  Depressurising scan of 2% DSPIP in DOPC at 14∙9 °C.  Phase assignments are marked, along 
with x,y intensity plots of individual frames showing (top to bottom) crystal lamellar, crystal lamellar/fluid 
lamellar mixture, fluid lamellar, and fluid lamellar/inverse hexagonal mixture.  On these plots, the y axis 
represents intensity (arbitrary units) and the x axis represents 1/d-spacing (Å-1). .................................... 340 
Fig. 98.  Pressurising scan of 2% DSPIP in DOPC at 24∙1 °C.  Phase assignments are marked, along with 
x,y intensity plots of individual frames showing (top to bottom) crystal lamellar, crystal lamellar/fluid 
lamellar mixture, fluid lamella/inverse hexagonal mixture, and inverse hexagonal.  On these plots, the y axis 
represents intensity (arbitrary units) and the x axis represents 1/d-spacing (Å-1). .................................... 342 
Fig. 99.  Representative example of the Ia3d signals in the 24∙1 °C scan at 2,250 Bar (pressurising).  
Consequently, the d-spacing values associated with this phase in this scan are approximate only. ............. 342 
Fig. 100.  Depressurising scan of 2% DSPIP in DOPC at 24∙1 °C.  Phase assignments are marked, along 
with x,y intensity plots of individual frames showing (top to bottom) crystal lamellar, crystal lamellar/fluid 
lamellar mixture, fluid lamellar, and inverse hexagonal.  On these plots, the y axis represents intensity 
(arbitrary units) and the x axis represents 1/d-spacing (Å-1). ................................................................. 344 
Fig. 101.  Pressurising scan of 2% DSPIP in DOPC at 33∙4 °C.  Phase assignments are marked, along with 
x,y intensity plots of individual frames showing (top to bottom) fluid lamellar, Ia3d (magnified, arrows 
indicate √6 and √8 reflections), fluid lamellar, and inverse hexagonal phases.  On these plots, the y axis 
represents intensity (arbituary units) and the x axis represents 1/d-spacing (Å-1). .................................... 346 
Fig. 102.  Evidence for the Ia3d phase at 33∙4 °C at 3,000 Bar.  Pattern fitting lines (vertical, dotted) shown.  
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Fig. 103.  Depressurising scan of 2% DSPIP in DOPC at 33∙4 °C.  Phase assignments are marked, along 
with x,y intensity plots of individual frames showing (top to bottom) fluid lamellar, Ia3d (magnified, arrows 
indicate √6, √8 and √14 reflections), fluid lamellar, and inverse hexagonal phases.  On these plots, the y axis 
represents intensity (arbitrary units) and the x axis represents 1/d-spacing (Å-1). .................................... 348 
Fig. 104.  Pressurising scan of 2% DSPIP in DOPC at 43∙0 °C.  Phase assignments are marked, along with 
x,y intensity plots of individual frames showing (top to bottom) fluid lamellar, Ia3d (magnified, arrows 
indicate √6, and √8 reflections), fluid lamellar, and inverse hexagonal phases.  On these plots, the y axis 
represents intensity (arbitrary units) and the x axis represents 1/d-spacing (Å-1). .................................... 350 
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Fig. 105.  Depressurising scan of 2% DSPIP in DOPC at 43∙0 °C.  Phase assignments are marked, along 
with x,y intensity plots of individual frames showing (top to bottom) fluid lamellar, Ia3d (magnified, arrows 
indicate √6, √8, and  √14 reflections), fluid lamellar, and inverse hexagonal phases.  On these plots, the y 
axis represents intensity (arbituary units) and the x axis represents 1/d-spacing (Å-1). ............................. 352 
Fig. 106.  Pressurising scan of 2% DSPIP in DOPC at 52∙3 °C.  Phase assignments are marked, along with 
x,y intensity plots of individual frames showing (top to bottom) fluid lamellar, Ia3d (magnified, arrows 
indicate √6, and √8 reflections), fluid lamellar/inverse hexagonal mixture, and inverse hexagonal phases.  
On these plots, the y axis represents intensity (arbitrary units) and the x axis represents 1/d-spacing (Å-1). 353 
Fig. 107.  Pressurising scan of 50% DSPIP in DOPC at 15∙0 °C.  Phase assignments are marked, along with 
x,y intensity plots of individual frames showing (top to bottom) crystal lamellar, [mixed] lamellar, mixed 
lamellar/inverse hexagonal mixture, and inverse hexagonal phases.  On these plots, the y axis represents 
intensity (arbitrary units) and the x axis represents 1/d-spacing (Å-1). ................................................... 356 
Fig. 108.  Depressurising scan of 50% DSPIP in DOPC at 15∙0 °C.  Phase assignments are marked, along 
with x,y intensity plots of individual frames showing (top to bottom) crystal lamellar, [mixed] lamellar, 
mixed lamellar/inverse hexagonal mixture, and inverse hexagonal phases.  On these plots, the y axis 
represents intensity (arbitrary units) and the x axis represents 1/d-spacing (Å-1). .................................... 358 
Fig. 109.  Winter et al.132 small- (left) and wide-angle (right) diffraction patterns of DOPE at excess 
hydration, under conditions of hydrostatic pressure. ............................................................................ 360 
Fig. 110.  Pressurising scan of 50% DSPIP in DOPC at 17∙0 °C.  Phase assignments are marked, along with 
x,y intensity plots of individual frames showing (top to bottom) crystal lamellar, [mixed] lamellar, mixed 
lamellar/inverse hexagonal mixture, and tilted gel lamellar/inverse hexagonal phases.  On these plots, the y 
axis represents intensity (arbitrary units) and the x axis represents 1/d-spacing (Å-1). .............................. 362 
Fig. 111.  Depressurising scan of 50% DSPIP in DOPC at 17∙0 °C.  Phase assignments are marked, along 
with x,y intensity plots of individual frames showing (top to bottom) crystal lamellar, mixed lamellar, mixed 
lamellar/inverse hexagonal mixture, and tilted gel/inverse hexagonal phases.  On these plots, the y axis 
represents intensity (arbitrary units) and the x axis represents 1/d-spacing (Å-1). .................................... 363 
Fig. 112.  50% DSPIP in DOPC at 1,500 Bar and  17 °C.  Arrows indicate the placement of the ‘shoulder’ 
reflection, with other reflections marked as appropriate. ....................................................................... 364 
Fig. 113.  Magnification of an image of 50% DSPIP in DOPC at 1,500 Bar and  17 °C.  Arrows indicate 
the placement of the ‘shoulder’ reflection. ............................................................................................ 364 
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Fig. 114.  Pressurising scan of 50% DSPIP in DOPC at 24∙0 °C.  Phase assignments are marked, along with 
x,y intensity plots of individual frames showing (top to bottom) crystal lamellar, mixed lamellar, mixed 
lamellar/inverse hexagonal mixture, and inverse hexagonal phases.  On these plots, the y axis represents 
intensity (arbitrary units) and the x axis represents 1/d-spacing (Å-1). ................................................... 366 
Fig. 115.  Depressurising scan of 50% DSPIP in DOPC at 24∙1 °C.  Phase assignments are marked, along 
with x,y intensity plots of individual frames showing (top to bottom) crystal lamellar, mixed lamellar, mixed 
lamellar/inverse hexagonal mixture, and inverse hexagonal phases.  On these plots, the y axis represents 
intensity (arbituary units) and the x axis represents 1/d-spacing (Å-1). ................................................... 368 
Fig. 116.  Gel electrophoresis of purified, GST-tagged SopB (left) and Western blot of the same gel (right).  
Molecular weight reference (R) is shown on the left side, abscissa scale in kDa.  Four separate batches of 
SopB (numbered1-4) shown.  Gel electrophoresis chromatograph stained with Coumassie blue.  The mass of 
the GST tag is 26 kDa with the desired protein at 76 kDa. ................................................................... 380 
 
 
iv. List of  Schemes 
Scheme 1.  Potential nucleophilic attackings A and B by vicinal hydroxyl in inositol 1-phosphate 5, onto the 
phosphate tri-ester.  A five-membered ring is formed as a product of arrow A, following through to 6.   
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Scheme 2.  Lewis acid-mediated isomerisation of methylene-linked unconjugated olefin bonds in a naturally-
occurring polyunsaturated system. ...................................................................................................... 46 
Scheme 3.  Deprotection of protected phosphatidylinositols 8, 9, and 10 to give PIs 11, 12, or 13, 
respectively.  Reagents and conditions: (i) 5% Pd/C, H2, wet ethyl acetate
56,  (ii) (a) H2, PtO2, ethanol, (b) 
water/ethanol, (c) Amberlite IRC-50, Na form, ethanol/water29, (iii) 10% Pd/C, 50 psi H2, ethanol
66.  
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Scheme 4.  Deprotection of saturated, fully protected PIPs.  Reagents and Conditions: (i) Pd black, 52 psi H2, 
5 eq. NaHCO3, ethanol/water (6:1), 23 °C, 6 h
67; (ii) (a) 10% Pd/C, 50 psi H2, methanol/water (4:1), 
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69; (v) Pd black, 
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Scheme 5.  Deprotection of unsaturated inositides.  Reagents and conditions, (i) TMS-Br 20 eq., toluene, 
70 °C, then NH4OH
37, gives 61% of 28.  (ii) (a) TEA, CH3CN, (b) H2NHNC(S)S
-, methylene chloride, 
ethanol57,59, gives 68% of 29.  (iii) (a) TMS-Br, (b) CH3OH, (c) CH3CH2SH
36.  †, yield not reported.......... 54 
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Scheme 8.  Chiral catalyst and method 37 for preparing PI-3-P 39.  Reagents and conditions: (i) 1 mol % 36, 
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Scheme 9.  Phosphorylation of inositol-1-OH, followed by condensation with DAG-OH to give a fully-
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t., 16 h, (iii) trimethylphenyl chloride, 4-methoxy-pyridine-N-oxide, CH3CN, pyridine, r. t., 1 h, 70%. 
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Scheme 10.  Coupling of the sodium phosphatidate 44 and inositol-1OH 43 by Ward et al.29.  45 is converted 
into dipalmitoyl-PI with catalytic hydrogenolysis, followed by aqueous ethanol and then with the sodium 
form of Amberlite IRC-50.  MSNT (46) is shown below. ...................................................................... 58 
Scheme 11.  The use of phosphonium chemistry by Ozaki et al.82, 47-49, and stannylene-based chemistry by 
Watanabe et al.56, 50-52, both racemic, with subsequent deprotection steps to give racemic PIs 49 and 52.  cy 
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Scheme 12.  Mechanistic rationalisation of the formation of a phosphate tri-ester, via the Arbuzoff 
rearrangement. ................................................................................................................................. 60 
Scheme 13.  Preparation of saturated diacyl glycerols by Martin et al.34  Reagents and conditions: (i)-(iii) not 
reported by Martin et al.34; (iv) R2COOH, DCC, DMAP, 0 °C, 69-76%; (v) R1COOH, DCC, DMAP, 
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Scheme 14.  Synthesis of diacyl glycerol 61.  Reagents and conditions: (i) stearoyl chloride, TEA, DMAP, 
0 °C to 20 °C, 50 min; (ii) TFA, trifluoro ethanol, triethylborane, r. t., 5 h, 74%, two steps; 
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Cl2C6H3COCl, 1-methylimidazole, methylene chloride, r. t., 80 min, (v) Cl2CHCOOH, pyrrole, r. t., 5min., 
90%, two steps.  R1 = COC17H35, R
2 = Px, R3 = arachidonoyl. ............................................................. 62 
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Scheme 15.  The use of diol 62.  Reagents and conditions: (i) CH3CO(CH2)2COOH [levulinic acid], DCC, 
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iPr2), tetrazole, then m-CPBA, 90%, (iii) Py(HF)x, 89% of 64, or (iv) 
TBAF, H2O, C6H5COOH, 85%, (v) (BnO)2P(N-
iPr2), tetrazole, then m-CPBA, 72%, (vi) TFA, wet CH2Cl2, 
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Scheme 16.  Resolution of optical isomers of protected D-myo-inositol by Ward and Young29.  71 and 72 
were separated by flash chromatography. ............................................................................................. 64 
Scheme 17.  Preparation of I-1,3,4,5-P4 (77) and I-1,4,5-P3 (78) from building block 74 and through related 
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Scheme 18.  Preparation of I-1,4,5-P3 (77) and I-1,3,4-P3 (7) using vicinal bis-camphanylated intermediates.
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Scheme 19.  Synthesis of protected inositol 84, in which just the 1-O- is able to attack the phosphatidate94.  
Reagents and conditions: (i) excess TBS-Cl, pyridine, 50 °C , 16 h, 87%, (ii) NaH (1.2 eq), C6H5CH2Br, 
DMF, 97% (82 and 83, 1:4), (iii) (a) cat. 1,5-cycloocatadiene-bis{methyldiphenylphosphine} iridium 
hexafluorophosphate in DCE, (b) TBAF, methylene chloride, r. t., 90% of 84, 2 steps. ............................ 66 
Scheme 20.  Preparation of MOM-ified inositol 88 (step (i)) and mono-MOM-ified regioisomers 89 and 90 
(step (ii)), reported by Bruzik and Tsai54.  Reagents and conditions: (i) ClCH2OCH3 (2∙2 eq.), DIPEA; (ii) 
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Scheme 21.  Synthetic preparation of PI-3-P 93 in 12 steps36.  Reagents and conditions: (i) D-camphor 
dimethyl acetal, H2SO4, 60%, (ii) TBDPS-Cl, imidazole, 88%, (iii) HSCH2CH2OH, BF3-diethyl ether, 90%, 
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(viii) TBAF, 87%, (ix) (a) Cl-P(OCH3)N
iPr2, diisopropylamine, (b) 1,2-dipalmitoyl glycerol (DAG-OH), 
tetrazole, (c) m-CPBA, 83%, (x) Excess TMS-Br, (xi) CH3OH, (xii) CH3CH2SH, cat. BF3,98%. .............. 70 
Scheme 22.  Conversion of methyl-D-glucose into PI-3,4,5-P3 (97).  Reagents and conditions: (i) 
Mercury(II)acetate, acetone/water 6:1 v/v, then sat. NaCl (aq.).  R = DAG. .......................................... 72 
Scheme 23.  Optical resolution of bis-ketylated inositol building blocks.  Method of separation of 
diastereoisomers shown in words on the far right.  § refers to the appended residue of 73. .......................... 74 
Scheme 24.  Strategies of phosphorylation of 47.  BMB = 2-(bromomethyl)benzyl- ; CDPOP = (2R,4S,5R)-
2-chloro-3,4-dimethyl-5-phenyl-1,3,2-oxazaphosphalidin-2-one, 126, below............................................ 76 
Scheme 25.  Retro-synthetic steps to give an unsaturated PI-4-P, 127.  uDAG = unsaturated glyceride. ..... 78 
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uR = unsaturated fatty acid alkyl chain, R = saturated fatty acid alkyl chain, R′ = 
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Scheme 27.  Retro-synthesis of the inositol component to myo-inositol 4 via 47. X = H or phosphate, R′ = 
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Scheme 28.  The physical effect of increasing temperature (T) and water content of a flat bilayer.  The grey 
areas show where energetically implausible voids would be required to satisfy the desire for curvature.  
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Scheme 31.  Inter-conversions of 4-O- phosphate-containing inositides involving kinase (subscript ‘1’) and 
phosphatase (subscript ‘2’) enzymes.  Blue crosses indicate conversions for which there is not yet evidence.  
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b2: INPP4s; c1: PIPKα/β/γ; c2: synaptojanins 1 and 2, and TMEM55s; d1/2: unknown; e1: PIPK II; e2: 
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Scheme 32.  Above:  An investigation into the regio-reactivity of the hydroxyls in 47, showing an entirely 
regio-selective reaction (i, to give 137), and one in which no there is no regio-selectivity (ii, to give mixture of 
138 and 139).  Reagents and conditions: (i) P(OCH2CH2CN)3, HBr.Br2∙py, methylene chloride/py (9:1), 
-35 °C, 3 h, 75%; (ii-viii) [see table].  Below: regio-selective elaboration of diol 47, conditions of which are 
detailed in Table 2.  R = TBS, TBDPS, Px. ...................................................................................... 144 
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vii. List of  Abbreviations 
 
[E] Concentration of free enzyme, i.e.  that not involved in inhibition of any kind, or 
in the enzyme-substrate complex. 
[ET]  Concentration of enzyme in all states, the total enzyme concentration 
[ES]  Concentration of enzyme-substrate complex 
[S]  Concentration of substrate 
AEBSF 4-(2-Aminoethyl) benzenesulfonyl fluoride 
BOM Benzyloxy-methylene- 
CDPOP (2R,4S,5R)-2-Chloro-3,4-dimethyl-5-phenyl-1,3,2-oxazaphosphalidin-2-one 
CPAC (4-chlorophenoxy)acetyl 
DAG Diacyl glyceryl (may be unsaturated/redox sensitive) 
DAG-OH Diacyl glycerol (may be unsaturated/redox sensitive) 
DBC  2,6-dichlorobenzoyl chloride 
DCC  Dicyclohexylcarbodiimide 
DCI  Dicylcohexylideneinositol 
DCIP  Dicyclohexylidene inositol phosphate 
DMAP  para-(Dimethylamino)pyridine 
DMSO  Dimethylsulfoxide 
DMT   Dimethoxy trityl- 
DOPC  Dioleoyl phosphatidylcholine (a form of lecithine) 
DSPC  Distearoyl phosphatidylcholine (a form of lecithine) 
DSPIP  Distearoyl phosphatidylinositol-4-phosphate, compound 1 (page 44). 
DTPX  2,7-dibromo-9-(3-(trifluoromethyl)phenyl)xanthen-9-yl 
DTT  1,2-dithiothreitol 
EDCI  Ethyl(dimethylaminopropyl)carbondiimide 
ESRF  European Synchrotron Radiation Facility 
Fm  9-Fluorenylmethyl- 
GST  Glutathione-S-transferase 
h   Hours (reaction time) 
HBTU  1-H-Benzotriazolium-N,N,N′,N′-tetramethyluronium-hexafluorophosphate 
HPLC  High performance liquid chromatography 
HR-ES  High resolution – electrospray (with charge specified) 
Ins-  Inositol- 
INPP   inositide polyphosphate phosphatase 
IPTG  Isopropyl β-D-1-thiogalactopyranoside 
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Lα  Lamellar phase, fluid 
Lβ
h  Lamellar phase, tilted gel  
Lβ
o  Lamellar phase, ordinary gel  
Lc  Lamellar phase, crystalline 
LEV  Levulinoyl (4-oxopentanoyl) 
MGPIS Malachite Green Phosphate Indicating Solution 
MOM  Menthyloxy-methylene 
MPLC  Medium pressure liquid chromatography 
MTHP  4-Methoxyltetrahydropyran-4-yl 
NMI  N-Methylimidazole 
NMR  Nuclear magnetic resonance spectroscopy/oscopic/um/a 
OGP  n-Octyl-β-D-glucopyranoside 
OGPS  n-Octyl-β-D-glucopyranoside stock/solution 
PC  Phosphatidylcholine (also known as lecithine) 
PE  Phosphatidylethanolamine (also known as cephaline) 
PI  Phosphatidylinositol (lipid) 
PI3K  Phosophatidylinositol 3-OH kinase(s) 
PI4K   Phosophatidylinositol 4-OH kinase(s) 
PI-4-P  Phosphatidylinositol-4-phosphate  
PMSF  phenylmethanesulfonyl fluoride 
ppm  Parts per million 
PTEN  phosphatase and tensin homologue. 
pyn-  Pyrene- 
Px-  Pixyl (phenylxanthanyl-) 
RPM  Revolutions per minute  
SAPIP  Stearoyl-arachidonoyl phosphatidylinositol-4-phosphate 
SDS-PAGE Sodium-didecylsulfate- 
SOPIP  Stearoyl-oleoyl phosphatidylinositol-4-phosphate, compound 2 (page 44). 
SopB  Salmonella outer protein B  
SGPIP  Stearoyl-γ-linolenoyl phosphatidylinositol-4-phosphate, compound 3 (page 44). 
TBAF  Tetrabutylammoniumfluoride 
TBS-  tert-butyldimethylsilyl- 
TBDPS- tert-butyldiphenylsilyl- 
TEA  Triethylamine 
TEAM  Triethylammonium 
TEB  Triethylborate 
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TFE  Trifluoroethanol 
tGN  trans-Golgi Network 
THF   Tetrahydrofuran 
TLC  Thin layer chromatography 
XRD  X-Ray Diffraction 
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Fig. 1.  An ordinary lipid bilayer, shown here with membrane  
proteins1.  Red spheroids represent polar head groups and the green 
wavoid lines represent the lipophilic fatty-acid-residue tails. The grey 
amorphous parts are globular proteins.  
 
                                                                                          
Fig. 2.  Inverse hexagonal phase (HII).  Three tubes are shown, with a 
circular core (aqueous component) and hexagonal shape to the edges of 
the cylinders.  The blue spheroids represent the polar head groups and the 
black wavoid lines represent the lipophilic fatty-acid-residue tails.   
 
 
Hydrophilic head group
Lipophilic tail
Lipophilic tail}
 
 
Fig. 3.  Exemplary forms of lipid shapes2; lyso-phosphatidylcholine (LPC, type I); Phosphatidylcholine 
(Lecithine, PC, type 0); and Phosphatidylethanolamine (Cephaline, PE, type II).  Grey pheroids represent 
polar head groups, black wavoid lines represent the lipophilic fatty-acid-residue tails. 
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Chapter 1 – Background and Summary of  Objectives 
 
In order for a cell to reproduce mitotically three major processes are required.  First, the cell 
must replicate its nucleic acid structures and so move towards forming two nuclei.  Second, 
translation (protein synthesis) must occur in order that the two new cells have the biological 
machinery required for survival, and so the cell cycle may be controlled.  The third crucial factor, 
which has received less attention in the literature, is the need for the membrane to expand in 
surface area as a result of cellular elongation, bend, and be divided in order for two daughter cells 
to be formed.  In order that the contents of the resulting cells remain separate from the 
environment, and the biological dis-equilibrium across the membrane is maintained, these 
membrane-division processes must occur in a tightly controlled manner.   
The current understanding of how membranes behave has been formulated over the last five 
decades by independent progress in areas such as lipid biochemistry and membrane biophysics.  
The famous example of a theory of membrane behaviour formulated in the last half-century is 
the fluid mosaic model3.  Despite evidence that supports aspects of this theory, it fails to account 
for a number of the more recent observations concerning the behaviour of minor lipids4-7 and 
proteins8,9 in membranes.  As many of these effects may be intrinsically chemical or physical, 
biological data alone has not been able to demonstrate the mechanics of model membranes.  
However, thorough investigation over the last five decades into a number of aspects of the 
biophysical behaviour has allowed us to establish the different physical properties and behaviour 
of lipids.  Cephaline (phosphatidylethanolamine, PE) and lecithine (phosphatidylcholine, PC), 
are amongst the lipids with well characterised phase behaviour10-12.  For example, where PC 
forms the greater part of the lipid mixture and the system is in excess aqueous solution, only the 
fluid lamellar phase is observed (similar to that shown in Fig. 1).  When PE forms a significant 
proportion of the mix (>55%), a tube-like phase, called the inverse hexagonal phase, is observed11 
(Fig. 2).  Where the proportion of PE is below 55% there would clearly be some desire for the 
system to assemble into a curved phase, but if thermodynamic restrictions prevented this, for 
example where a vacuum would need to be present to accommodate a curved phase, the lipids 
are forced to take on a shape that would not otherwise be energetically preferred.  In this case, 
the naturally-curved PE may be forced to adopt a shape more like the naturally-lamellar PC.  
This creates a packing frustration of the lipids in the system that is referred to as stored curvature 
elastic stress (SCES).  As with any phospholipid assembly, if phospholipids in a biological 
membrane are forced to adopt a shape that is not preferred, the membrane acquires a curvature 
elastic stress that can be satisfied by bending of the membrane.  Theoretically this phenomenon 
can be part of any process in which membranes are divided, e.g. the natural process of cell 
division or as part of vesicle activity13-15.   
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Fig. 4.  Structure of 1-O-stearoyl-2-O-arachidonoyl-phosphatidylinositol-
4,5-bis-phosphate, showing the various chemical regions of the molecule. 
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It is not yet clear what effects in these processes are attributable to lipids and what to 
important non-lipidic components such as proteins.  Lipids are at least complicit in the processes 
behind the division of membranes in cell replication but the behaviour observed cannot be 
reconciled with the known behaviour of the bulk-components of lipid membranes, such as 
phosphatidylcholine and phosphatidylethanolamine.  This void in our knowledge has led to an 
interest in the physical and biological properties of the minor lipid components of the membrane, 
especially inositide (phosphatidylinositol-based) lipids16-19.   
Inositides (phosphatidylinositides and phosphatidylinositol phosphates) are lipids found in 
small quantities in both plant and animal systems.  An example of the structure of an inositide, 
stearoyl-arachidonoyl-phosphatidylinositol-4,5-phosphate is shown in Fig. 4.  In common with 
other phospholipids, inositides have both hydrophobic and hydrophilic regions, the glyceride 
residue and the head group, respectively.  It is the hydrophilic region that sets this class of 
molecules apart; the inositol component of the head group is very rare outside this class of lipid.  
By contrast, the hydrophobic region (arachidonoyl and/or stearoyl residues in the case of Fig. 4) 
is shared by a variety of phospholipids.  The head group is made up of a myo-inositol ring that is 
phosphorylated at one or more of the 3-, 4-, or 5-O- positions.  The position of the phosphate 
groups gives rise to the nomenclature of inositides, for example, stearoyl-arachidonoyl-
phosphatidylinositol-4,5-phosphate (Fig. 4) is also known as PI-4,5-P2 comprises phosphate 
moieties at the, 4- and 5-O-positions.  Phosphorylation at the 2- and 6-O- has not been recorded to 
date.  All permutations of mono- and bis-phosphates within these parameters are reported, as is an 
inositide with all three of these hydroxyls phosphorylated, PIP3.   
Recent work has highlighted that inositides with a differing number of phosphate mono-esters 
and fatty acid residues have clear differences in behaviour in vivo20, e.g. in the Golgi apparatus21.  
Biochemical evidence suggests that although the number of phosphate mono-esters may change 
(through phosphatase/kinase activity) the phosphatidylinositol moiety remains chemically 
unchanged, including the fatty acid residues.  We can conclude therefore that the 
phosphorylation on the hydrophilic inositol head group and the number and spacing of olefin 
bonds in the fatty acid residue of the inositide imposes a physical influence on the activity of 
some biological processes.  Evidence from our own laboratories suggests this includes several 
phosphatases20,22.  While understanding of the biophysical and biological properties of two of the 
family of inositides, PI and PIP3, already exists
17,23,24, there is no such record for PIPs (inositides 
with one phosphate mono-ester on the inositol ring), despite the mounting biological evidence for 
their role in vivo, especially for PI-4-P 8,9,13-20,25. 
Inositides isolated from natural sources, although potentially useful for head group studies, 
contain a mixture of fatty acid residues26 that it is not possible to separate by currently-available 
techniques.  A synthetic source of inositides is therefore required in order to investigate the  
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biological and biophysical properties of these lipids thoroughly.  With a synthetic source of the 
lipids, a physical characterisation of inositides as a function of the unsaturation becomes possible, 
with a view to comparing their physical behaviour with better-characterised lipids such as 
phosphatidylcholine.  This may then be used to inform the reasoning behind the observed 
physical role of inositide lipids in biological processes.  This can be done both in terms of the 
head group the lipid possesses and the fatty acid residues it comprises.   
There is some evidence for the fatty acid composition affecting a range of biological 
processes (discussed in Chapter 4, page 127) though the reasons for this are not yet conclusive from 
biological evidence.  Biophysical evidence (discussed in Chapter 3, page 81) has allowed us to 
characterise and even understand the differences between systems containing various saturated 
and various unsaturated fatty acid residues.  
It is when the three disciplines of synthetic organic chemistry, phospholipid mesophase 
biophysics and kinetic enzymology are combined cogently, as in the following thesis, that further 
evidence for the effect of fatty acid composition on biological systems can be collected and 
understood. 
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Part I - Introduction 
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Fig. 5.  Naturally occurring phosphatidylinositol-4-phosphates, distearoyl-phosphatidylinositol-4-phosphate 
(1, DSPIP), stearoyl-oleoylphosphatidylinositol-4-phosphate (2, SOPIP), and stearoyl-
γ-linolenoylphosphatidylinositol-4-phosphate (3, SGPIP). 
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Chapter 2 – Introduction to the Synthetic Preparation of  
Phosphatidylinositol-4-phosphates 
 
Inositides (phosphatidylinositol phosphates, PI lipids) provide a unique set of preparative 
challenges to the organic chemist.  Fig. 5 shows examples of saturated (1, DSPIP, distearoyl-
phosphatidylinositol-4-phosphate) and unsaturated (2, SOPIP, stearoyl-oleoyl 
phosphatidylinositol-4-phosphate and 3, SGPIP, stearoyl-γ-linolenoyl phosphatidylinositol-
4-phosphate) phosphatidylinositol-4-phosphates (PI-4-Ps), three of the synthetic targets of this 
project.  As most naturally-occurring PI-4-Ps contain unsaturated chains similar to those in 2 and 
3, this functionality must be taken into account when designing preparative schemes.   
 
(i)  Challenges inherent in preparing PI-4-Ps 
 
The types of functionality and specific substitution patterns of targets such as PI-4-Ps 2 and 3 
in particular present a number of problems that must be addressed when designing a preparative 
scheme: 
 
 How the final product may be isolated with only simple purification procedures, as 
phosphate functionality is not compatible with standard chromatographic purification 
techniques used in organic chemistry; 
 How redox-sensitive functionality, especially olefin bonds in fatty acid residues, may be 
preserved.  Published examples of other redox-sensitive groups include azides, fluorescent 
aromatics, phosphorothioates, and phosphorothiolates; 
 How phosphate functionality may be installed regiospecifically and retained in those 
positions.  Migration of phosphate tri-esters via cyclic phosphate tri-ester species mediated 
by vicinal hydroxyls is documented27,28 (Scheme 1); 
 How an enantiomerically-pure product may be prepared. 
 
 The first preparations of inositides appeared in the mid to late 1980s and centred on 
saturated targets, avoiding the problem associated with unsaturated redox-sensitive 
functionality29.  This focus on saturated targets has had the effect that the regio-chemistry for 
preparing derivatives of myo-inositol has been researched in some depth.  Most early 
preparations do not focus on the problem of enantiomeric purity and thus racemic inositides 
were prepared.  Racemic preparations of inositide targets give four diastereoisomers after the 
final step as the compound is racemic in terms of both the inositol and glyceride moieties.   
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 Published preparations of saturated derivatives of myo-inositol include (phosphorylated) 
naturally-occurring targets as well as some with an unnatural phosphorylation configuration that 
are designed purely as research tools30-32.  The scope of protecting group strategies for saturated 
targets based on the benzyl group provide a convenient way of readily protecting and 
deprotecting the hydroxyls and phosphate precursors in inositide targets.  The deprotection in 
particular has somewhat broad utility as the fully-formed lipid is released in one step and thus 
minimal purification is required.  Despite this applicability, the methods used to debenzylate 
have well-defined limits.  The most common deprotection strategy employs hydrogenolysis, 
which presents two problems for lipid preparation, (a) hydrogenolysis of phosphoinositides is not 
compatible with the unsaturated functionality present in naturally-occurring lipids such as 
inositide 3; (b) the palladium catalysts used in the hydrogenolysis step can chelate to the oxygen 
functionality of the inositol moiety, and so must be removed carefully in order to prevent cell 
death on contact with biological systems33.  Despite these problems, a number of saturated 
inositide lipids, and analogues of the same, have been prepared34. 
There are several alternative methods to hydrogenolytic debenzylation35, however many are 
unsuitable for phosphate mono- or bis-ester-containing targets.  One reported strategy that is 
compatible use of Lewis acids to effect debenzylation, particularly trimethylsilyl bromide 
(TMS-Br)36.  The possible limits of this strategy are that, (a) The Lewis-acid-mediated attack on 
the alkyl groups that is effective in removing benzyl groups may also remove glycerides, or other 
alkyl groups appended that are desired in the target; (b) isomerisation of olefin bonds by Lewis 
acids is a known reaction and may therefore make them incompatible with poly-unsaturated 
fatty acid residues (Scheme 2).  Poly-unsaturated fatty acid residues are particularly sensitive to 
this re-arrangement as the product is a conjugated poly-olefin product.  Additionally, were 
isomerisation to occur in a chain with only one olefin bond, the fact of the re-arrangement would 
probably go undetected by standard NMR techniques.  Despite these potential problems, there is 
precedent of Lewis acidic conditions used for preparing poly-unsaturated inositide targets, in 
which this possibility of re-arrangements is not reported36,37.  Aluminium chloride is an 
alternative Lewis acid to TMS-Br, but it is only reported in non-inositol poly-oxygenated targets 
thus far38,39.   
The regiochemistry of myo-inositol has also been successfully manipulated to afford 
phosphorylated mono-ester-containing inositol derivates such as I-1,4,5-P3 (7, Fig. 7)
40.   However 
in order to be successful, intra-molecular nucleophilic attack leading to phosphate migration 
(Scheme 1) must be avoided.  Although reports of this occurring are few27,41, it is nevertheless 
important to retain strategic compatibility and reaction efficiency without sacrificing the integrity 
of the desired targets in this way.   
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In the case of phosphate migration, this can be achieved by milder conditions, relative 
extremes of pH (below pH 2-3, and above pH 10-11) effect the same reaction.  Strategies based 
upon the order of steps ensure that migration is avoided; if the salt of the phosphate(s) are 
prepared before the vicinal hydroxyl is deprotected, phosphate tri-ester cyclisations and 
migration are not possible unless the phosphate is protonated at low pH or the vicinal hydroxyl 
becomes an alkoxide at high pH.  Thus in any deprotection strategy for inositol phosphates, the 
protecting groups on phosphate precursors must be removed before those of the inositol 
hydroxyls.   
The problem is avoided with debenzylation using hydrogenolytic conditions, because benzyl 
groups on inositol hydroxyls are less labile than those on phosphates.  This convenient aspect to 
the chemistry has been used to good effect42-45, however there are no reports of the relative rates 
of the debenzylation of inositol (secondary) benzyl ethers and phospho-tri-esters.  The rates 
concerning different types of benzyl groups has been reported46 as well as benzyl protecting group 
strategies for non-inositol targets that comprise both phosphate mono-esters and secondary 
hydroxyls47,48.  Despite this, anecdotal evidence from other sources suggests that debenzylation of 
phosphates is faster than that of secondary hydroxyls.  Perich and Johns report that only 30 
minutes is required for debenzylating the dibenzyl phosphate tri-ester in their peptide target49.  
This is in contrast to Desai et al. who report that 15 h is required to hydrogenolyse the three 
benzyl groups in their methylated myo-inositol target50.  However, Amigues et al. report that 
phosphorylated sugar targets with cyclic phosphate tri-esters and benzylated secondary hydroxyls 
require stronger conditions for complete debenzylation.  Details include methanol as the solvent, 
replacement of the catalyst (and thus two reaction cycles) and basic conditions (0∙5 eq K2CO3)
51. 
Although Lewis-acid-mediated debenzylation is an alternative to catalytic hydrogenolysis as 
a general method, it remains to be tested whether these conditions have general compatibility 
with a complete deprotection of all protecting groups as the method may still be restricted to 
saturated targets, due to the potential for Lewis acid-mediated rearrangement of poly-unsaturated 
fatty acid residues (Scheme 2).   
Despite the clear order of deprotection steps required in preparing inositol phosphates, novel 
methods to afford the desired targets have been devised.  One strategy builds the myo-inositol 
ring during the preparative scheme, using glucose as the starting material42-45,52,53.  The six-
membered myo-inositol carbocycle is formed, after some elaboration of the hydroxyls, by a 
Ferrier re-arrangement (see section (vii), page 71).  Although this method provides entry into 
several biologically relevant compounds, as well as more sophisticated analogues such as affinity 
labels for studying protein activity44, the restrictions placed on the protecting group strategy by 
the Ferrier re-arrangement conditions mean that lipids such as PI-4-Ps cannot be prepared in a 
straightforward manner.  Additionally, the method presents a toxic hazard to the chemist as the  
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Ferrier re-arrangement is effected by mercury acetate.  Although efforts have been made to avert 
the need for this reagent, including the use of well-established olefin metathesis chemistry to 
effect the ring closure44, it is not straight-forward to produce the intermediates required for this 
project‘s targets, and thus this strategy is not readily applicable in all cases.   
The difficulties of preventing phosphate migration and in achieving a straight-forward 
deprotection to give PI-4-Ps have been solved by Bruzik et al.54, including a strategy in which the 
protecting groups are removed under acidic conditions, using 0∙2 N HCl/methanol, 
TFA/chloroform or glacial acetic acid/Zn.  Deprotection under mild conditions and prevention 
of phosphate migration—along with others noted above—have been solved independently by 
Watanabe et al.55-59 and Reese et  al.41,60-65.  The former favours a strategy based on protecting 
group removal using  mild base to deprotect the phosphates followed by nucleophilic removal of 
the chloroacetate and levulinoyl group57,59.  The latter group‘s work has been used as a basis for 
the synthetic strategy in this project.  It employs acid-labile functionality to protect inositol 
hydroxyls, and base-labile functionality to protect phosphates.  This ensures the redox-sensitive 
unsaturated functionality is preserved.  The problem of the timing of regiospecific deprotection, 
in order to avoid phosphate migration (Scheme 1, page 44) is also solved as phosphates are 
deprotected under basic conditions where inositol hydroxyls remain protected until exposed to 
acidic conditions.  Additionally, Reese and Gaffney61 have reported the enantiomerically pure 
preparation of PI-3,4,5-P3 using a crystallisation technique, demonstrating that HPLC required 
elsewhere29 to isolate the single diastereoisomers of intermediate building blocks can be avoided.   
 
   
(ii) Deprotection of fully protected target phosphatidylinositol phosphates 
 
Fully protected PIs and PIPxs have protected hydroxyls, and protected phosphate group 
precursors as phosphate tri-esters, and may also contain unsaturated functionality.  At this stage 
in the preparation it is important that the regio-chemistry is preserved and that the functionality 
in the desired product is not compromised.  Milder conditions  are thus a favourable strategy.  
Equally, as the final products are not compatible with standard purification techniques, the final 
product must emerge cleanly.  One of the more sensitive areas of any of these classes of protected 
inositide target molecule is arguably the phosphate tri-ester(s) present.  As described above a key 
point in the deprotection is the order of deprotection steps; the phosphate tri-ester(s) should be 
deprotected before any adjacent hydroxyl of the inositol in order to avoid risking a nucleophilic 
attack and thence phosphate migration.  In general, deprotection strategies accounting for all 
these factors fall into three categories:  
 Deprotection of PIs and PIPxs comprising saturated diacyl glyceryl (DAG) groups;  
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Scheme 3.  Deprotection of protected phosphatidylinositols 8, 9, and 10 to give PIs 11, 12, or 13, 
respectively.  Reagents and conditions: (i) 5% Pd/C, H2, wet ethyl acetate
56,  (ii) (a) H2, PtO2, ethanol, (b) 
water/ethanol, (c) Amberlite IRC-50, Na form, ethanol/water29, (iii) 10% Pd/C, 50 psi H2, ethanol
66.  
DAG = diacyl glyceryl; MTHP = 4-methoxytetrahydropyran. 
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14  R1 = H, R2 = PO(OBn)2, R
3,R4,R5 = Bn 
15  R1, R2, R3, R5 = Bn, R4 = PO(OBn)2 
16  R1, R5 = BOM, R2, R3 = Bn, R4 = PO(OBn)2 
17  R1, R5 = BOM, R2, R4 = PO(OBn)2, R
3 = Bn 
18  R1 = BOM, R2, R3 = PO(OBn)2, R
4, R5 = Bn 
19  R1, R5 = BOM, R2, R3, R4 =PO(OBn)2 
   
20  PI-3-P  (i), R6 = PO3NaH, R7, R8 = H, 79%  
21  PI-5-P (i), R6, R7 = H, R8 = PO3NaH, 79% 
21  PI-5-P † 
22  PI-3,5-P2 (ii), R6, R8 = PO3NaH, R7 = H †  
23  PI-3,4-P2 (iii), R6, R7 = PO3NaH, R8 = H, 97%  
24  PI-3,4,5-P3 (iv), R6, R7, R8 = PO3NaH, 94% 
24  PI-3,4,5-P3 (v), R6, R7, R8 = PO3NaH, 100% 
 
 
Scheme 4.  Deprotection of saturated, fully protected PIPs.  Reagents and Conditions: (i) Pd black, 52 psi H2, 
5 eq. NaHCO3, ethanol/water (6:1), 23 °C, 6 h
67; (ii) (a) 10% Pd/C, 50 psi H2, methanol/water (4:1), 
23 °C, 24 h, (b) Chelex resin, Na+ form43; (iii) Pd black, 50 psi H2, 5 eq. NaHCO3., tert butanol/water (7:1), 
24 °C, 14 h68; (iv) Pd/C, 50 psi H2, NaHCO3 5 eq., tert butanol/water (7:1), 24 °C, 14 h
69; (v) Pd black, 
50 psi H2, 5 eq.NaHCO3, tert-butanol/water (17:3)
53.  †, yield not reported. 
BOM = benzyloxymethyl. 
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 Deprotection of PIs and PIPxs comprising unsaturated DAG groups, with the 
accompanying sensitivity to hydrogenolysis and Lewis acids; 
 Deprotection of inositide thio-derivatives with70 and without71-76 DAG groups.  This is 
not relevant to the targets of this project and so is not discussed. 
 
 Deprotection of PIs and PIPxs with saturated glycerides is relatively straightforward and has 
been reported a number of times29,36,43,56,66-69,77,78.  For example, saturated PI targets have been 
deprotected under ordinary hydrogenolysis conditions over a palladium catalyst, with some 
small variations (Scheme 3).  All oxygen functionality is protected with benzyl groups.  This 
approach avoids the problem of phosphate migration, presumably because phosphate benzyl 
esters are hydrogenolysed more quickly than benzyl ethers of secondary hydroxyls.  Both 
deprotections can be achieved in one pot, albeit though this is implicitly a two-step process.  The 
yields are generally reasonable or good though the purity of the final product requires particular 
care due to the ability of the polyol to chelate to the palladium catalyst29,45,52,56,66,78.  The 
palladium catalyst is not readily detectable by the standard spectroscopy used in organic 
chemistry, and so its presence in the target is inferred from apparent cyto-toxicity in biological 
experiments33; the poly-hydroxyl and phosphate group(s) present in inositides can co-ordinate 
and/or chelate to metallic ions well79.  Metallic ion impurities have reportedly been removed 
using ion-exchange chromatography with Amberlite29 and Chelex resin43.  This affords the 
sodium salt of all anions present, the sodium salt of the target can also be achieved in situ with 
the use of damp NaHCO3 along with an alcohol (methanol, ethanol or tert-butanol are reported) 
as the organic solvent (Scheme 4).  This has the effect of suppressing acid-catalysed phosphate 
migration53,67-69.   
Although typically hydrogenolysis is used for the removal of benzyl groups both on the 
inositol ring and on the phosphate groups, related protecting groups such as benzyloxymethyl 
(BOM) can also be removed by this method (Scheme 4).  Deprotection of per-benzylated 
inositides with three phosphate mono-esters (e.g. 24) using hydrogenolysis is reported to give a 
better yield than singly-mono-phosphorylated inositides53, under similar hydrogenolysis 
conditions.  The difference occurs in that the PIPs were dissolved in methanol/water (21) or 
ethanol/water (20), where the PI-3,4,5-P3 (24) was dissolved in tert-butanol/water.  At first sight, 
this seems to be counter-intuitive.  However, this finding may be ascribed to the relative 
solubilities of the starting material, partly-deprotected intermediates and the desired product.  It 
may be that the intermediates of the deprotection of 24 are more soluble in this medium and are 
thus converted more readily to the desired product.  What is also possible is that PI-3,4,5-P3 (24) 
may behave as a detergent and thus increase the solubility of the partially deprotected 
intermediate.  PI-3,4,5-P3 (24) has been observed to exhibit detergent properties
80, which PIPs  
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have not (see Chapter 8, page 179 on the solubility of PI-4-Ps).  As well as the issues surrounding 
metallic impurities from catalytic hydrogenolysis discussed above, there is the possibility of 
incomplete deprotection51.  Where incomplete deprotection occurs, this is more likely to be 
benzyl ether protection on hydroxyl(s) of the inositol ring, probably because of their slower 
hydrogenolysis under these conditions.  This also holds for benzyl groups on the glyceride 
precursor, where applicable44,45.   
Where unsaturated DAG groups, benzyl ethers and/or esters are present, a large excess of 
trimethylsilyl bromide has been used to remove the benzyl protecting groups successfully36,37 
(Scheme 5).  Another alternative to catalytic hydrogenolysis is the Birch reduction (-78 °C, Na, 
NH3) with an aqueous work-up that can be used for inositol phosphates and inositol 
thiophosphates72.  This method is not compatible with saturated and unsaturated inositol 
phosphatidates as the ester groups in the glyceride are also reduced.   
Deprotection of PIPxs with a redox-sensitive unsaturated DAG group provides a greater 
synthetic challenge, though it has been reported for several inositide targets36,37,57,59.  In contrast to 
the protection of saturated lipids, use of hydrogenolysis to remove the benzyl group is unsuitable  
for olefin bonds in the glyceride, that are also subject to reduction.  Synthetic interest in 
unsaturated PIPxs has centred around PI-3,4,5-P3 
36,57,59 though more recent examples include 
unsaturated PI-3-P as well37. 
The unsaturated hydrophobic glyceride found in all reported examples of poly-unsaturated 
PIPxs is indistinguishable to the one most commonly found in mammals, i.e. sn-2-arachidonoyl-1-
stearoyl-glycerol.  Another naturally-occurring example is the sn-2-γ-linolenoyl-1-
stearoyl-glyceryl moiety in lipid 3.  A number of protecting groups have been used to avoid the 
risk of reduction or re-arrangement with methylene-linked unconjugated olefin bonds, requiring 
two or three steps for complete deprotection (Scheme 5), rather than in one pot as with benzyl 
deprotection.   
Reese and Gaffney61 used a protecting group strategy based upon acid and base deprotection 
to prepare the naturally-occurring, unsaturated, isomer of PI-3,4,5-P3 (Scheme 6).  They deprotect 
the phosphate tri-esters first (step (i) in Scheme 6), where the ammonium salt of the phosphate 
mono-esters is formed by solvent-mediated hydrolysis of the intermediate silyl phosphate esters 
with methanolic ammonia (step (ii)), after which the MTHP and DTPX groups are removed 
under mildly-acidic conditions, (step (iii) (a)).  The ammonium salt of PI-3,4,5-P3 was then 
isolated in good yield and purity.  This approach is derived from synthetic RNA preparations 
and is designed for compatibility with the unsaturated functionality.   
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Scheme 7.  Use of dibenzyl-O-phosphoramidite 34 to insert phosphate mono-ester precursors onto an 
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Scheme 8.  Chiral catalyst and method 37 for preparing PI-3-P 39.  Reagents and conditions: (i) 1 mol % 36, 
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(iii) Phosphorylation 
 
In order to synthesise PIPxs, both phosphate mono- and di-ester functionality must be 
prepared in the target, with care paid to the order of deprotection steps and the requirements in 
the final deprotection conditions.  Several methods of phosphorylating have been established, all 
published examples of phosphorylation in inositide chemistry incorporate a P(V) tri-ester 
intermediate for both phosphate mono- and di-esters in the target.  As phosphate tri-esters are 
sensitive to nucleophiles, installation is usually undertaken as late on in the synthesis as possible.   
Reliable and standard conditions for installation of phosphate mono-ester precursor groups 
include coupling of a phosphoramidite (e.g. P(OBn)2N
iPr2) to the relevant hydroxyl(s) on the 
inositol ring, followed by oxidation with a periodate36 (Scheme 7) or an alkyl peroxide61 to furnish 
a phosphate tri-ester.  A related P(V) reagent has been used to effect a similar transformation 
(Scheme 8), in which a chiral catalyst is used37,81.  The catalyst 36 is used for the regioselective 
installation of phosphate group to give 38.  In principle this approach could be used to install the 
phosphate with a diacyl glycerol group, however Sculimbrene et al.37 used a stepwise approach to 
prepare 39 from 37 as it is reportedly higher-yielding.  In reaction sequences the targets of which 
have saturated glyceride moieties, protection of secondary hydroxyls as benzyl ethers rather than 
p-methoxybenzyl ethers means that catalytic hydrogenolysis can be used for the deprotection 
step.  However, the chiral catalyst 36 is not as efficient where benzyl ethers are present on the 
inositol, requiring twice as high a concentration to effect the same selective phosphorylation.  In 
order to use para-methoxybenzyl ethers though, alternative conditions to the most common35 are 
required as DDQ will effect oxidation of the olefin bonds.  In this strategy, a Lewis acid, TMS-Br 
was used.  There is no reported Lewis-acid-mediated isomerisation of the poly-unsaturated 
system described above (Scheme 2, page 46).   
Although this method clearly has some utility and is applicable to target molecules with 
unsaturated DAG groups, neither 36 nor its enantiomer is commercially available.  The peptide 
chemistry used to produce them is well established, and can be carried out automatically, 
however.  More generally, it could not be used on a substrate having vicinal diols or triols as the 
regioselective phosphorylation observed above is applied between the 1-O- and 3-O- and not 
other positions, so intermediates for PIP2 or PIP3 targets are not readily achieved.  However, if a 
phosphate tri-ester was installed regioselectively to the 1-O-, leaving the other hydroxyls exposed, 
poly-phosphorylating conditions could be used to phosphorylate the remaining hydroxyls non-
selectively, once a glyceride had been appended to the 1-O-phosphate tri-ester.   
 Phenyl protecting groups on the phosphate mono-esters (38, Scheme 8) are better leaving 
groups, more so than the benzyl group35.  At mildly basic pH, the free hydroxyl groups on the 
inositol ring become more nucleophilic and attack the phosphorus atom, eliminating phenol (in  
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Scheme 10.  Coupling of the sodium phosphatidate 44 and inositol-1OH 43 by Ward et al.29.  45 is 
converted into dipalmitoyl-PI with catalytic hydrogenolysis, followed by aqueous ethanol and then with the 
sodium form of Amberlite IRC-50.  MSNT (46) is shown below.   
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Scheme 11.  The use of phosphonium chemistry by Ozaki et al.82, 47-49, and stannylene-based chemistry by 
Watanabe et al.56, 50-52, both racemic, with subsequent deprotection steps to give racemic PIs 49 and 52.  
cy = cyclohexylidene.  †, yield not reported. 
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the way shown in Scheme 1, page 44).  This can be avoided by converting phenyl to benzyl 
protection, using benzyl alcohol and an hydride base37.  One of the other steps, (iii), presents 
potential problems at least in handling as a significant amount of a reagent such as trimethylsilyl 
bromide increases the chance of side reactions associated with the presence of a strong Lewis 
acid (see above, Scheme 2, page 46).  A further (irreversible) Arbuzoff rearrangement (Scheme 12) 
to give a 3-bromoglyceride can also occur. 
An alternative phosphitylating agent whose deprotection is compatible with redox-sensitive 
functionality has been reported.  Reese and Gaffney61 used a phosphorochloridite that has 
cyanoethyl esters in place of benzyl esters for non-specific phosphorylation (Scheme 9, steps (i-ii)).  
Deprotection of phosphate tri-esters that have two cyanoethyl groups is effected by initial 
exchange with trimethylsilyl chloride and N1,N1,N3,N3-tetramethylguanidine (TMG) in methyl 
cyanide.  Unlike trimethylsilyl bromide, there is not yet evidence to suggest that trimethylsilyl 
chloride is Lewis acidic enough to cause the re-arrangements discussed above that involve 
TMS-Br.  This type of phosphorylation can also be used to give the precursor to the 
phosphatidate di-ester in inositide targets.  Reese and Gaffney effect this modification by treating 
the inositol phosphate tri-ester intermediate with mild base, removing one cyanoethyl group, 
before condensing the resulting phosphate di-ester salt with the glyceride with a condensing agent 
(Scheme 9).  Most examples of condensations to prepare phosphatidates are similar to this one, in 
that the phosphate is installed onto the inositol moiety and the glyceride appended to it61,83-85, 
rather than that used by Ward and Young29 (shown in Scheme 10).  The phosphatidate 44 and 
inositide 43 were coupled using 1-mesitylenesulfonyl-3-nitro-1,2,4-triazole (MSNT, 46) as the 
condensing agent (Scheme 10).  The reaction proceeds in good yield despite the expectation that 
the hindered secondary hydroxyl of the inositol is less reactive than the primary alcohol on the 
glyceride.  Notably, the available 1-OH in 43 (Scheme 9) is not so hindered by the protecting 
groups on the 2-O- and 6-O- neighbours in the way that the 1-OH in 40 is. 
Regio-selective phosphorylation using a bromophosphonium reagent has also been 
researched86,87 (Scheme 11).  The strategy in the reaction sequence is otherwise the same as that in 
Scheme 9, the phosphate precursor is installed in the desired position before the glyceride is 
appended to it to give the phosphatidate.  This modification to the strategy is calculated to afford 
the best conversion of the limiting reagent (protected inositol).  Since the primary hydroxyl in the 
glycerol is more reactive, and that reagent can afford to be wasted relative to the protected 
inositol, it is reasonable to couple it after the phosphorus atom has been attached to the inositol, 
and still afford an acceptable yield and purity.  Pyridinium bromide perbromide (C5H5NH
+.Br3
-, 
PBP)82 is used for this regio-selective phosphorylation.  There is not a simple oxidation step as 
there is with other P(III) reagents.  There is evidence that the phosphorus attacks a bromine 
equivalent nucleophilically, forming a bromophosphonium cation88-90.  The rest of the  
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mechanism is shown in Scheme 12 (page 60) with a P(V) precursor to a phosphatidate di-ester, 
though this can also be applied to the precursor to the phosphate mono-esters of the target.   
A novel use of stannylene chemistry has been reported by Watanabe et al. to direct 
regiospecific phosphorylation56.  This has the same regioselectivity as the route using the more 
reactive bromophosphonium intermediate (described above).  Both are shown in Scheme 11.  The 
yields reported using tin as a coupling agent compare well with the examples of the 
phosphitylation-followed-by-oxidation strategy61,82 though results on the breadth of application of 
Watanabe et al.‘s stannylene method56 using tin have yet to be established.  The method may be 
limited by the risk of neighbouring group attack of vicinal hydroxyl the phosphatidate or on 
phosphate tri-esters (Scheme 1, page 44).  In addition, the phosphorus-containing starting material 
used by Watanabe et al. is an anhydride and so this method is wasteful as at least 50% of the 
glyceride cannot be used to produce the desired product.  The phosphite method, that does not 
suffer from this problem, has been investigated in some depth91-93.   
 
 
(iv) Preparation of diacyl glycerols 
 
The diacyl glycerol (DAG-OH) component of naturally occurring PIPxs forms the lipophilic 
region of these molecules and thus has a crucial biological role.  Diacyl glycerols present a 
synthetic problem similar to that of the inositol ring in that regiospecific substitutions of this 
polyol are required in order to avoid the need of separating similar compounds.  This reduces the 
waste generated by producing and purifying a mixture of products, only one of which is desired.  
It is for this reason that most reported syntheses start with a protected form of the glycerol 
moiety.  Additionally, in naturally-occurring isomers, the fatty acid residues are appended to the 
1- and 2-OHs of the glyceryl moiety, rather than the more thermodynamically stable 1- and 
3-OHs.  Glyceride targets reported to date fall into three categories: 
 
 Glycerides in which the two fatty acid residues are saturated and indistinguishable; 
 Glycerides in which the two fatty acid residues are saturated but different; 
 Glycerides in which the two fatty acid residues are different, one saturated, one unsaturated 
and/or redox-sensitive.  This category comprises naturally-occurring glycerides; 
 Glycerides in which the two fatty acid residues are indistinguishable and are unsaturated 
and/or redox sensitive, e.g. fluorescent pyrenyl-containing moieties. 
 
The earlier published synthetic approaches targeted final products with saturated fatty acids, 
which remain unaltered by the hydrogenolysis of benzyl protecting groups40,94.  The simplest of 
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Scheme 13.  Preparation of saturated diacyl glycerols by Martin et al.34  Reagents and conditions: (i)-(iii) not 
reported by Martin et al.34; (iv) R2COOH, DCC, DMAP, 0 °C, 69-76%; (v) R1COOH, DCC, DMAP, 
20 °C, 86-98%; (vi) Pd/C, ethanol, acetic acid, 20-40 °C, 87-99%. 
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Scheme 14.  Synthesis of diacyl glycerol 61.  Reagents and conditions: (i) stearoyl chloride, TEA, DMAP, 
0 °C to 20 °C, 50 min; (ii) TFA, trifluoro ethanol, triethylborane, r. t., 5 h, 74%, two steps; 
(iii) 9-phenylxanthen-9-ol (PxOH), acetic acid, 20-30 °C, ~15 mmHg, 72%; (iv) Arachidonic acid, 2,6-
Cl2C6H3COCl, 1-methylimidazole, methylene chloride, r. t., 80 min, (v) Cl2CHCOOH, pyrrole, r. t., 5min., 
90%, two steps.  R1 = COC17H35, R
2 = Px, R3 = arachidonoyl. 
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these involves installing two saturated fatty acid residues onto 55 (Scheme 13) and has proved 
useful for producing racemic, saturated glycerides86.  In both cases it is possible to use a 
commercially available enantiomerically pure intermediate (e.g. 54) to produce a chiral product.  
Reese and Yan report that enantiomerically pure glycerides can be prepared from the chiral pool 
using D-mannitol as the starting material for the naturally-occuring enantiomer and ascorbic acid 
for the unnatural enantiomer60.   
Reese and Gaffney61 used an enantiomerically pure 2,3-isopropylidene-sn-glycerol 58 
(enantiomer of 54) in order to synthesise the unsaturated 2-O-arachidoyl-1-O-stearoyl-sn-glycerol 
61 (Scheme 14).  The 1,2-isopropylidene-sn-glycerol enantiomer can be treated in the same way to 
give the 2,3-diacylglycerol.  A similar strategic pattern is used elsewhere, though different 
protecting groups are employed, notably by Reese and Yan60.  Bruzik and Kubiak36 chose to use 
the dimethoxy trityl (DMT) group in place of the pixyl one (Scheme 14, in intermediate 60, R2) for 
protecting the 3-OH.   
The category of glycerides that comprises two indistinguishable but redox-sensitive groups 
has fewest reported examples.  Unpublished routes give a fluorescent target95 or are directed 
towards glycerides that possess the residue of a naturally occurring fatty acid, e.g. linoleic acid96.  
The strategy in this case is similar to that used in producing glycerides with a pair of saturated 
fatty acid residues, a protecting group is appended to the 3-OH and the fatty acid residues 
installed.  In this case a protecting group whose removal is compatible with redox-sensitive 
functionality must be used, e.g. DMT- or Px-.  These can be appended directly to glycerol to 
prepare an analogue of 55 (but compatible with redox-sensitive functionality).  The current limit 
of this technique is that there is no established protecting group that has this compatibility whose 
deprotection conditions are orthogonal to that of the isopropylidene group in 54, thus it is not yet 
possible to produce this type of glyceride enantiomerically pure using synthetic methods.   
 
 
(v) Preparation of protected inositols: racemic syntheses 
 
Regiospecificity amongst hydroxyl groups in inositol compounds is a synthetic challenge in 
itself and has been reviewed in some detail97.  Although the starting material myo-inositol has six 
stereogenic centres, it has a mirror plane through the 2 and 5-positions (Fig. 8).  Reactions that 
install achiral substituents at off-axis positions (i.e. 1-O-, 3-O-, 4-O-, and  6-O-) yield a racemic 
mixture of inositol derivatives98,99.  Some syntheses employ optical resolution at a convenient 
point in order to isolate enantiomers (see section (vi), page 65), but with others this is less 
important.   Enantiomers have very similar chemical and physical properties to one another but 
often very different specific biological activities.  The unnatural enantiomer can be useful in 
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biological investigations either as an inactive agonist (antagonist) or inhibitor of the desired 
process.  The latter is believed to be rare for inositide binding.   
Watanabe et al. report the use of a racemic achirally protected myo-inositol derivatives (62, 
Scheme 15) a number of times57,59,84.  This strategy has been used to prepare PI-5-P and PI-3,4,5-P3 
and has synthetic versatility in that it is possible to distinguish between the 1-O- and 3-O- and 
4-O- and 6-O- substituted enantiomers simultaneously, exploiting the line of symmetry along the 
plane of the 2- and 5-O-.  This means that a 4,5-diol of inositol is made as well as the 
corresponding 5,6-diol (62) shown in Scheme 15; the 4,5-diol has the siloxane across the 1,6-O-, 
and the cyclohexylidene is across the 2,3-O-.  Installation of the 4-oxopentanoyl (Levulinoyl, 
LEV) group proceeds smoothly and specifically to the 6-O- (63, Scheme 15).  This is followed by 
two-step phosphorylation (step (ii)) and removal of the cyclohexylidene acetal (step (iii)) by novel 
means85 to give the 5-phosphate (via 64).  In the synthesis of the PI-3,4,5-P3, the siloxane group is 
removed from (step (iv)), two-step tri-phosphorylation (step (v)), and the removal of the cyclohexyl 
group (step (vi)) (via 65).  
 
 
(vi) Preparation of protected inositols: chiral induction and the separation of regio-isomers 
 
Reported examples of enantiomers of inositol-containing asymmetric compounds being 
separated by chiral induction or by chiral resolution have been established.  Chiral induction is a 
reaction that produces one enantiomer (or diastereoisomer) preferentially as a result of the 
influence of a chiral molecule or moiety present.  Resolution is a separation of the isomers of a 
racemic mixture and can be based on their physical properties, e.g. in situ crystallisation of one 
enantiomer as it is produced in an equilibrium.  Chiral auxiliaries (Fig. 9) used in inositol 
chemistry to effect resolution are menthoxy acetyl esters61 (often appended using 66), acetyl 
mandelyl esters99,100 (usually appended using 68) and camphanate esters101 (73, bis- 
camphanoylated example not yet reported is 69).  A chiral resolution can be used to isolate one 
enantiomer with a high enantiomeric excess where a protecting group placed on one or more of 
the 1-, 3-, 4-, or 6-O- positions102 as none of these falls on myo-inositol‘s plane of symmetry (Fig. 
8).   
The initial stages of a preparation by Ward and Young29 were carried out racemically, with 
resolution at the third step after the addition of a (-)-camphanoyl group (Scheme 16).  The 
camphanate residue was removed after the separation of diastereoisomers and replaced with an 
acid-labile MTHP group that is compatible with hydrogenolytic deprotection of a benzyl 
phosphate tri-ester.  This means that the protecting groups can be removed in the correct order to 
 
66           Samuel Furse - The Synthetic Preparation and Physical Behaviour of Phosphatidylinositol-4-Phosphates 
 
OH
ORR3O
OR
OHRO
OBn
OCAMR1O
O
OR2O
O
HO O
O
O OH
 
74 75  R = PMB, R = Bn  
76  R = Bn, R = PMB 
77  R = R3 = PO3H
- 
78  R = PO3H
-, R3 = H 
 
Scheme 17.  Preparation of I-1,3,4,5-P4 (77) and I-1,4,5-P3 (78) from building block 74 and through related 
intermediates 75 and 76.   
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Scheme 18.  Preparation of I-1,4,5-P3 (77) and I-1,3,4-P3 (7) using vicinal bis-camphanylated intermediates.   
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Scheme 19.  Synthesis of protected inositol 84, in which just the 1-O- is able to attack the phosphatidate94.  
Reagents and conditions: (i) excess TBS-Cl, pyridine, 50 °C , 16 h, 87%, (ii) NaH (1.2 eq), C6H5CH2Br, 
DMF, 97% (82 and 83, 1:4), (iii) (a) cat. 1,5-cycloocatadiene-bis{methyldiphenylphosphine} iridium 
hexafluorophosphate in DCE, (b) TBAF, methylene chloride, r. t., 90% of 84, 2 steps.  
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minimise the risk of phosphate migration.  The protecting group strategy can be manipulated and 
extended when the desired product has additional phosphates on the inositol residue (i.e. is a 
PIPx) whilst still giving a single enantiomer.   
In seeking to prepare the naturally-occuring isomers of IP3 (Ins-1,4,5-P3, 78) and IP4 
(Ins-1,3,4,5-P4, 77), Desai et al. have used mono- and bis-camphanoylated derivatives of 
myo-inositol in order to effect separation of diastereoisomers by crystallisation50,103,104 (Scheme 17 
and Scheme 18).  The protecting group strategy used in these preparations is based upon alkaline 
hydrolysis (for deprotecting ester links), oxidation (for removing para-methoxy benzyl groups) 
and hydrogenolysis (for deprotecting benzyl groups).  The naturally-occurring isomer of IP4 (77) 
can be prepared from camphanylated inositol 75 (Scheme 17).  The racemic mixture produced in 
preparing 75 is separated by crystallising from ether, as are 79 and its enantiomer.  
Bis-camphanylated inositol 79 is particularly versatile as it can be used to produce both IP4 and 
IP3.  IP4 (77) can be prepared from 79 (Scheme 18) with phosphorylation of the intermediate 
produced after alkaline hydrolytic and oxidative conditions remove the camphanoyl and para-
methoxybenxy groups, respectively.  I-1,4,5-P3 is prepared from 79 via a 2,3,6-tri-O-benzyl-
myo-inositol intermediate after decamphanylation, exploiting the nucleophilicity of the 3-OH 
over the 4-OH under benzylationg conditions.  A different isomer of IP3, Ins-1,3,4-P3, can be 
prepared from another bis-camphanoylated species, 80.  This inositol derivative and its 
enantiomer were separated by crystallising from ethyl acetate/petrol (1:1, v/v).  The deprotection 
step required to remove the allyl groups can be effected by a palladium on carbon catalyst, in 
acidified ethanol under reflux105.  This is compatible with debenzylation conditions that also use 
a palladium-on-carbon catalyst under pressurised conditions and so the two may even be 
removed in one step.   
Dreef et al.94 employed a benzyl-based protecting group strategy in their synthesis of 
dipalmitoyl-PI-4,5-P2 (Scheme 19).  They synthesised protected myo-inositol 81 using a method 
developed by Ozaki et al.40,106, separating regio-isomers after silylating and further benzylating 81.  
Inositol intermediates 82 and 83 were afforded in a ratio of 1:4, the latter being the desired 
product, and were separated by short column chromatography.  Notably, the sodium hydride 
used in step (ii) gives an intermediate alkoxide ion that allowed a degree of migration of the TBS 
group between the 1-O- and 2-O-, though the more nucleophilic 1-O- inevitably carries a greater 
proportion of the TBS group.  This explains the selectivity in step (ii) to afford 83; alkylation at 
the 2-O- is greater as this hydroxyl (alkoxide) is more available than at the 1-O-.  The iridium 
catalyst used to prepare 84 was developed as a general catalyst for hydride shift107.  The use of 
allyl protecting groups as well as benzyl ones in this case leads an intermediate (84) that can be 
deprotected regiospecifically in a manner that allows installation of phosphate and phosphatidate 
groups in the desired positions.  This is in contrast to strategies in which the hydroxyls are  
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Scheme 20.  Preparation of MOM-ified inositol 88 (step (i)) and mono-MOM-ified regioisomers 89 and 90 
(step (ii)), reported by Bruzik and Tsai54.  Reagents and conditions: (i) ClCH2OCH3 (2∙2 eq.), DIPEA; (ii) 
ClCH2OCH3 (1∙0 eq.), DIPEA. 
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protected with the same group on each position, leading to a reliance on more reactive hydroxyl 
groups being deprotected first.   
In a thorough work on protecting myo-inositols for inositide syntheses, Bruzik and Tsai54 
report use of chiral induction to crystallise 2,3-O-camphanylidene inositol (85).  This involves a 
precise solvent system (3:7 DMSO : Chloroform, with 0∙46% w/w ethylene glycol) that allows 
the desired enantiomer (1 of 4 present, 85, Scheme 20) to crystallise from the reaction mixture, 
inducing the thermodynamic desire for the equilibrium in the system to release more of the 
desired isomer.  The enantiomeric enrichment that was effected gave an improved yield of 60% 
of 2,3-O-camphanylidene-myo-inositol.  On addition of an acid catalyst further formation of the 
crystalline isomer occurs in the solution in order to maintain the equilibrium of diastereoisomers.  
The regioselectivity of this reaction to give the cis-acetal as well as a single diastereoisomers 
enables efficient preparation of the starting material for the next, regio-selective, reaction.  
Silylation at the 1-O- and 4-O- followed by the methoxymethyl group (MOM) provides ready 
entry into a number of possible inositides.  Exhaustive addition of the MOM group of 86 gives 
88 which on desilylation can be used to prepare inositol 1-O- and/or 4-O- phosphorylated inositol 
phosphate.  The co-responding inositide(s) could be prepared if the 1-OH and 4-OH are 
distinguished in phosphorylating steps.  Regio-isomers 89 and 90, once separated, can be used to 
prepare inositol phosphates I-1,4,5-P3 (the normal isomer of the [biologically active] secondary 
messenger IP3)  and I-1,5,6-P3 , respectively.  The latter is not a naturally-occurring isomer but 
may have use as a research tool as other inositol compounds with functionalised 6-O- positions 
have108.  The co-responding inositides of these tris-phosphorylated inositol compounds may also 
be prepared, providing a ready entry into the naturally-occuring PI-4,5-P2, the most commonly-
found PIP2 in mammalian systems – provided that the hydroxyls can be distinguished in 
phosphorylation steps.  Despite this utility, the MOM group can be difficult to remove cleanly.  
Frequently-used conditions are 6 M HCl35, though newer conditions reported use either ethyl 
thiol and boron trifluoride, or TMS-Br, followed by methanol36.   
Chiral resolution has provided a means of separating enantiomers of elaborated myo-inositol 
derivatives for several routes, and almost independently of the protecting group strategy.  Chiral 
resolution is more widely used than chiral induction, as the number of auxiliaries that can be 
used for the former is wider and has broader synthetic application.  However, as the methods 
used for this chiral resolution are applied relatively late in the sequence of reactions, a lot is 
invested in an enantiomer that may be wasted.  In order to resolve optical antipodes more 
efficiently, whilst still avoiding use of a chiral induction, a resolution methodology that could be 
applied earlier in the reaction sequence would improve upon this. 
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Scheme 21.  Synthetic preparation of PI-3-P 93 in 12 steps36.  Reagents and conditions: (i) D-camphor 
dimethyl acetal, H2SO4, 60%, (ii) TBDPS-Cl, imidazole, 88%, (iii) HSCH2CH2OH, BF3-diethyl ether, 90%, 
(iv) 1.0 eq. benzoyl chloride, pyridine, 73%, (v) 3.5 eq. MOM-Cl, diisopropylethylamine, 77%, (vi) 
CH3ONa, CH3OH, dry, 90%, (vii) (a) (C6H5CH2O)2PN(
iPr)2, tetrazole, (b) m-CPBA, -30 °C, 81%, 
(viii) TBAF, 87%, (ix) (a) Cl-P(OCH3)N
iPr2, diisopropylamine, (b) 1,2-dipalmitoyl glycerol (DAG-OH), 
tetrazole, (c) m-CPBA, 83%, (x) Excess TMS-Br, (xi) CH3OH, (xii) CH3CH2SH, cat. BF3,98%.    
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(vii) Preparation of protected inositols: chiral protecting group syntheses 
 
One development of the resolution and induction strategy discussed above is to use chiral 
groups as part of the protecting group strategy to prepare a single enantiomer of an inositide.  Of 
the commonly-used auxiliaries in current inositol chemistry (Fig. 9, page 64) to date the menthoxy 
acetyl has been restricted to resolution syntheses40,106,109, both the camphanate bicycle and the 
acetyl mandelyl groups have been used as chiral protecting groups.  Camphor acetals (as that in 
86), have been used as protecting groups in both induction-based schemes54 and in chiral 
resolution-based strategies110.   
Protection of myo-inositol by Bruzik and Tsai54 as a D-camphor acetal gives four 
diastereoisomeric products in equilibrium as the camphor moiety can be either as shown in 87 
(page 68) or rotated through 180°.  The crystallisation method used to isolate the desired isomer 
(85, discussed above) has allowed the camphor acetal to be used as a protecting group after chiral 
induction to prepare PI-3-P (93) in 12 steps from myo-inositol36, Scheme 21.  Mild silylating 
conditions with the bulky tert-butyl diphenyl silyl (TBDPS) group follow chiral induction and 
give the 1-O-TBDPS adduct selectively (87, page 68).  The chiral group is then removed and 
established reactions are used to achieve further protection in this synthesis, including a 
regiospecific benzoylation at the 3-O- (step (iv), Scheme 21), that proceeds regio-specifically due to 
the heightened nucleophilicity of the 3-O.  This protects that position so that it can be 
phosphorylated efficiently later on.  Once the 1-O- and 3-O- are protected, to give tetrol 91, the 
other hydroxyl groups are all protected with the MOM group (step (v)).  This ensures that 
removal of the groups from all positions is possible later in the synthesis.  Notably the conditions 
for appending the MOM groups avoid silyl or benzoyl migration and thus the target retains its 
regio-chemical integrity.  Removal of the protecting group and phosphorylation of the 3-O- and 
1-O- in turn is then undertaken sequentially (steps (vi)-(vii) and (xiii)-(ix), respectively) to give 92.  
The deprotection steps include the use of TBAF, which can lead to the formation of 
phosphorofluoridates that may not be easy to remove.  After this is the removal of the remaining 
protecting groups (TMS is removed by methanol) and cation exchange of the phosphate moieties 
(steps (x)-(xii)).  A synthesis such as this is particularly useful since it is general for both saturated 
and unsaturated fatty acid residues in the DAG group.  Sureshan et al.99 employ a chiral 
protecting group strategy in their preparation of cyclohexylidene-acetal and benzoylated myo-
inositol intermediates, which is discussed below (Section (ix)). 
Although chiral auxiliaries as protecting groups provide a possible alternative to achiral 
ones, their additional sensitivity and expense inevitably limits their application.  However, where 
they are used, the atom efficiency of the auxiliaries and thus the resolution is higher as use of the 
appended group are doubled.   
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Scheme 22.  Conversion of methyl-D-glucose into PI-3,4,5-P3 (97).  Reagents and conditions: (i) 
Mercury(II)acetate, acetone/water 6:1 v/v, then sat. NaCl (aq.).  R = DAG. 
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 (viii) Preparation of protected inositols: glucose as the starting material 
 
Glucose has been used as an alternative to myo-inositol as the starting material for the 
inositol moiety in preparing inositides43-45.  It, and methylated versions such as 94, have much of 
the desired stereochemistry in place and are normally inexpensive.  Significant protecting group 
chemistry is required in order to give products with phosphate groups in given positions.  
However, in some cases this can be more straightforward than the use of myo-inositol as the 1-O- 
hydroxyl present in myo-inositol is effectively not present in glucose.  For example, this simplifies 
elaboration to give   PI-3,4,5-P3 (97), reported by Prestwich
45.  This strategy employs methyl-D-
glucose (94), the principle step of which is shown in Scheme 22 ((i), involving intermediates 95 
and 96) and is known as a Ferrier rearrangement111.  This is followed by reduction of the ketone 
at the 6-position.   
The synthesis shown in Scheme 22 is straight-forward for the PI-3,4,5-P3 though for 
bis-phosphate inositides further manipulation would be required in order to protect an additional 
hydroxyl.  A more general difficulty is that any protecting group strategy to convert glucose into 
an inositol moiety must be sympathetic to the conditions of the Ferrier re-arrangement as well as 
to the preparative problems noted above (section ((i), page 45).  Despite this, the synthesis produces 
an enantiomerically pure product and so provides a route towards the enantiomerically pure 
isomers of naturally-occuring inositides.  However, if the enantiomer of the naturally-occuring 
isomer is required e.g. for binding/antagonist studies, another route must be sought if a ready 
supply of (in the case of 93) methyl-L-glucose cannot be found.   
 
 
(ix) The preparation of protected inositol moieties: multiple-hydroxyl protection using acetals 
 
One method of mediating the problems associated with controlling the regio-chemistry of 
the six hydroxyls in myo-inositol (4) is to protect vicinal pairs of hydroxyls with a single 
protecting group.  This has often been achieved by preparing acetals and bis-acetals of 
myo-inositol.  Isopropylidene bis-acetals112,113 and cyclohexylidene bis-acetals114 (Fig. 10, isomers  
47, 98, 99) can form part of this strategy, the latter being germane to the syntheses in this project 
(see Chapter 5, page 145), as the four hydroxyls that are not functionalised for the desired lipid 
targets 1-3 are protected in one step in intermediate 47.  Employment of acetal functionality 
provides versatility, something that has lead to its chemistry being established for several 
carbohydrate targets114, thus: 
 
 In principle, any of the hydroxyls of the ring can be protected this way; 
74           Samuel Furse - The Synthetic Preparation and Physical Behaviour of Phosphatidylinositol-4-Phosphates 
 
O
HO O
O
O OH
O
O OH
O
O OH
OH
HO O
O
O O
 
47 98 99 
 
Fig. 10.  Isomers of dicyclohexylidene inositol: (2,3)(5,6)-dicyclohexylidene-myo-inositol (47), (2,3)(4,5)-
dicyclohexylidene-myo-inositol (98), and (2,3)(1,6)-dicyclohexylidene-myo-inositol (99). 
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Billington et al.115 100  R = H, R1 = Bn 101  R = (-)-73, R1 = Bn, R2 
= cy 
       102 Crystallised 
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Scheme 23.  Optical resolution of bis-ketylated inositol building blocks.  Method of separation of 
diastereoisomers shown in words on the far right.  § refers to the appended residue of 73.   
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 Several hydroxyls may be protected in one reaction, reducing the need for complementary 
protecting groups and strategies;  
 Ketal functionality may be installed and removed under mildly acidic conditions, these same 
conditions that are often compatible with redox-sensitive functionality; 
 The mixture of products given is relatively simple when compared to mixtures of products 
produced by appendation of mono-valent protecting groups.  This simplifies purification and 
gives efficient entry into regio-controlled intermediates.    
 Acetals can withstand a range of conditions for effecting organic reactions, thus can be used 
through many reactions (‗permanent‘ protecting groups) as well as in the short term 
(‗temporary‘ protecting groups) whilst still being efficient.   
 
Attempts at resolving enantiomers using chiral auxiliaries attached via acetals have some 
early precedent118 and several camphor-based methods have now been developed112,117,119.  HPLC 
is used to separate isomers.  In preparing bis-ketylated derivatives of myo-inositol, several regio-
isomers are readily isolable (Fig. 10, page 74).  Dicyclohexylidene isomers 47, 98, 99 have been 
employed in preparing one or more inositides.  Diol 47 in particular has been studied in some 
depth and forms an important part of a number of preparations30,40,115,119.  The crystal structure of 
this compound is now known120, as is that of the isopropylidene analogue100,121.   
In all reported cases, diol 47 is prepared from myo-inositol using either 1,1-dimethoxy-
cyclohexane or 1-methoxycyclohexene, catalytic acid and heating for a few hours and is isolated by 
crystallising (e.g. petroleum spirit/acetone) after an aqueous work up114,119.  Preparations of bis-
isopropylidene are similar122.  As well as numerous examples of inositol phosphate targets, diol 47 
has also found use in the total synthesis of natural products spicamycin123,124 and pancratistatin125.  
Resolution of diol 47 and analogues is less general than their racemic preparation, with a 
different method used in each published case, Scheme 23.  Although all methods give clear results, 
only that reported by Billington et al.115 can be efficiently applied to the largest-scale syntheses as 
the isomers are separated by crystallising.  This procedure was used by some of the same authors 
to prepare a variety of inositol poly-phosphates in a later work119.  Although Aneja et al.116,117 
report that chromatography and crystallisation were sufficient to separate the singly- 
camphanylated isomers 106 and 107, further elaboration of the mixture of diastereoisomers was 
required in other cases to give effective crystallisation.  Sureshan et al. chose to remove the trans-
acetal from both isomers to enable separation of diastereoisomers by chromatography.  Some 
preparations that employ diol 47 depart a considerable way from it before resolving enantiomers.  
Ozaki et al.40 prepare 81 before appending a menthoxy acetyl group (viz. 66), effecting separation 
of diastereoisomers by MPLC.   
The data from research into the crystal structure120 of diol 47 gives us an insight into the  
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Vacca et al.119 111  R1, R2 = phenyl, 0% 112  R1, R2 = phenyl, 0% 113  R1, R2 = phenyl, 90%. 
Spiers et al.120 114  R1, R2 = CDPOP, 
20%. 
115  R1, R2 = CDPOP, 
0%. 
116  R1, R2 = CDPOP, 0%. 
Watanabe et al.126 117  R1 = BMB R2 = DAG, 
84%. 
118  R1 = BMB R2 = 
DAG, 6%. 
119  R1 = BMB R2 = 
DAG, 0%. 
Watanabe et al.126 120  R1 = Bn R2 = DAG, 
55%. 
121  R1 = Bn R2 = DAG, 
0%. 
122  R1 = Bn R2 = DAG, 
36%. 
Falck et al.127 123  R1, R2 = Bn, 78%. 124  R1, R2 = Bn, 0%. 125  R1, R2 = Bn, 0%. 
 
Scheme 24.  Strategies of phosphorylation of 47.  BMB = 2-(bromomethyl)benzyl- ; CDPOP = (2R,4S,5R)-
2-chloro-3,4-dimethyl-5-phenyl-1,3,2-oxazaphosphalidin-2-one, 126, below. 
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reactivity and selectivity observed, both in the steps employed to resolve it (Scheme 23), and to 
phosphorylate it (Scheme 24).  For example, where the target is not a bis-phosphate tri-ester like 
inositol derivative 113119, selectivity for phosphorylation on the 1-OH is clear (presumably due to 
its nucleophilicity over the 4-O-), when the 1-O- adduct alone can be isolated from an optimised 
reaction127.  Despite this possibility, it appears that the reasons for the selectivity noted vary.  
Watanabe et al. postulate126 that the selectivity in their conversion to give phosphoryl bis-acetal 
myo-inositol 120 is due to the nature of the reactive intermediate in that reaction.  Although the 
difference between the reagents they used is clear, the general selectivity they both exhibit can 
only be due to the nature of diol 47.  The crystal structure analysis120 gives the spatial distance 
between the 1-O- and 2-O- oxygens/hydroxyls as being around 10% shorter than that between 
4-O- and either 5-O- or 6-O-.  This allows the proton of the 1-OH to co-ordinate with the 2-O- and 
thus makes the 1-OH more nucleophilic.  This adequately explains the selectivity of the 1-OH for 
electrophiles and is a general rule of reactivity amongst a number of inositol derivatives.   
Although it is clear that a choice of routes exist for producing single enantiomers of several 
phosphorylated elaborations of diol 47, none is perfect and so any new syntheses would need to 
address the problems that have not yet been solved thus far: 
 
 An inexpensive auxiliary;  
 An auxiliary that can be routinely appended to diol 47;  
 An auxiliary that once appended can be used to separate diastereoisomers on a reliable 
and large scale, i.e. by crystallising;  
 A phosphorylation that is reproducibly entirely selective for the 1-OH.   
 
 
(x) Conclusions on reported methods, and areas for future development 
 
In general, there is more than one method for any one of the steps to produce an inositide of 
choice.  Some areas, such as phosphate mono-esters at the 2- and 6-O- remain largely 
unresearched, mainly because they do not appear in nature or have many obvious applications.  
One of the weaker areas is preparation of PIPxs with unsaturated functionality.  Although these 
are far more common in nature than saturated ones, unsaturated targets present a much greater 
synthetic challenge than the saturated PIPxs.  One approach to solving these problems is to 
design a protecting group strategy that allows the removal of protecting groups on the phosphates 
before those on the hydroxyls, without impinging redox-sensitive functionality (chiefly in the 
glyceride region).   
Protecting groups that are sensitive to nucleophiles have not yet been fully exploited for  
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Scheme 25.  Retro-synthetic steps to give an unsaturated PI-4-P, 127.  uDAG = unsaturated glyceride.   
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Scheme 26.  Retro-synthetic steps showing the coupling of glyceride (right) and inositol (left) components.  
The dicyanoethyl phosphate tri-ester in (+)-129 is deprotected first,  uDAG = unsaturated glyceride,  
uR = unsaturated fatty acid alkyl chain, R = saturated fatty acid alkyl chain, R′ = 
cyanoethyl/triethylammonium/unsaturated glyceride. 
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Scheme 27.  Retro-synthesis of the inositol component to myo-inositol 4 via 47. X = H or phosphate, R′ = 
cyanoethyl or triethylammonium or unsaturated glyceride. 
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phosphate esters however such protecting groups exist for inositol hydroxyls, e.g. levulinoyl.  
 Although it is realistic to attempt to use a nucleophile-based methodology to release a 
phosphate di-ester salt, it is not yet possible to use this strategy for phosphorylated targets that 
incorporate one or more phosphate mono-esters.  This is due to the repelling negative charge that 
exists after the removal of one protecting group.   
 
(xi) Disconnection of target PI-4-Ps 
 
The retro-synthesis and so the preparation strategy to produce the target lipids 1-3 was 
designed in light of the problems noted above (sections (i) to (x)).  It comprises three principle 
sections: 
 
 Scheme 25, which covers the final deprotection steps.  This strategy must avoid significant 
handling or fractionation, and avoid conditions that could initiate migration of phosphate 
groups; 
 Scheme 26, that disconnects the phosphorylation steps; 
 Scheme 27, disconnection of the inositol component to myo-inositol (4) 
 
In model PI-4-P 127, the inositol hydroxyls are masked with the acid-labile cyclohexylidene 
protecting group, and the phosphates with the base-labile cyanoethyl groups.  These steps give 
the disconnections shown in Scheme 25 to fully-protected PI-4-P precursor 129, via the base-
treated intermediate (+)-128.  Ideally the next steps would be phosphorylations, so that they 
appear as late on in the synthesis as possible.  The next disconnection step (Scheme 26) removes 
the 4-phosphate in 129, which conveniently gives a protected phosphatidylinositol precursor and 
thus facile entry into a second type of inositide.  A further phosphorylation disconnection gives 
inositol-1-phosphate intermediate 130 and glyceride 131.  Inositol synthon 130 (Scheme 27) is 
disconnected by regio-selective phosphorylation to give dicyclohexylidene (DCI, 47), itself 
disconnected to myo-inositol 4.   
A preparative scheme based on this retro-synthesis has been tested on racemic starting 
materials in previous research86 and many of the same reactions are employed below.  
Modifications to give enantiomerically pure lipids are novel and serve to correct the literature 
precedent.  Additionally, entry to other lipid types (phosphatidylethanolamine, PE, and    
phosphatidylinositol, PI) as well as fluorescently-visible lateral-pressure sensitive tracer- 
analogues comprising pyrene moieties using this strategy is described.  
 
 
80           Samuel Furse - The Synthetic Preparation and Physical Behaviour of Phosphatidylinositol-4-Phosphates 
 
(a)      (b) 
    
 
 
 
 
(c)     (d)      (e) 
                   
 
 
 
 
Fig. 11.  Examples of lyotropic phases of increasingly negative curvature, top to bottom:  (a) normal micelle 
LI  cross section, (b) schematic representation of a fluid lamellar phase of the sort observed in biological 
systems (including an ion channel, shown in dark blue), (c) 2-D schematic of Im3m (QDII) cubic phase, (d) 
inverse hexagonal phase (HII), (e) inverse micellar phase LII.   
(a), (d), (e) taken from ref 2. 
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Chapter 3 – Introduction to Biophysical Studies 
 
The unique self-assembly behaviour in lipids arises for one of two reasons.  First, lipids have 
both hydrophilic and lipophilic sections.  This bi-polar nature of the lipids has a strong mediating 
effect on their aggregation as well as providing the energetic driving force for it; the aggregations 
are constructed in an effort to minimise the energy of the system10.  The second critical factor for 
lipid classification concerns the steric constraints of the molecule; lipid molecules do not have C2 
symmetry about their longest axis.   
Certain lipid phase behaviour does not conform to our expectations of solid or liquid but 
exhibits characteristics of both, and so is termed liquid crystal.  Lyotropic liquid crystal 
behaviour of phospholipids in an aqueous system results from the lipophilic (hydrophobic) effect.  
Water is able to minimise its free energy in the liquid state by virtue of its high dipole moment: it 
is able to form hydrogen bonds.  The hydrogen bonding can be described as a network of 
tetrahedrally-arranged inter-molecular bonds that shift continuously and are disrupted by 
exposure to solutes.  Where these solutes are ionic and/or able to form hydrogen bonds with the 
water molecules, the energy required for dissolution is greatly reduced by comparison to 
substances with which it cannot interact by virtue of charge or dipole, such as petroleum spirit.  
Where a possible solute has regions that are energetically easily dissolved in water (e.g. myo-
inositol) and ones that are not (fatty acid residue) considerable ordering of these molecules is 
required to achieve the lowest energy aggregations.  How this occurs, and what shape these 
aggregations take, is discussed below. 
 
(i) Lipid Polymorphism 
 
The phases formed by lipids under different hydration conditions can be described in terms 
of their curvature.  The most assemblies curved are spheres of lipids called micelles (Fig. 11 (a) 
and (e)).  The curvature of the surface of a sphere can be described fully in terms of having two 
non-zero curvature values, in different directions.  By convention these are perpendicular to one 
another10,11,128.  For a spherical micelle, both the principal curvatures have the same sign.  These 
two curvatures are known as the principal curvatures and are denoted c1 and c2 arbitrarily and are 
the reciprocals of the radii of the circles to which they belong (Fig. 12).  Non-zero principal 
curvatures in all phases can be either positive or negative, and if we consider that lipids are 
asymmetrical along their longest axis, it follows that two types of lipid aggregation are possible.  
This is effectively how inverse and normal phases arise.  Consider a micelle: where the lipophilic 
region is at the centre of the micelle, and the polar head groups are arranged so that the curvature 
is bent away from the water (conventionally referred to as positive curvature), we are presented  
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Fig. 12.  Principal curvatures of a curved phase are defined as the reciprocals of the marked dimensions.  
Adapted diagram129. 
 
 
 
 
 
Fig. 13.  Schematic representation of the sequence of phases based on interfacial curvature.  Areas marked a-
d represent cubic phases.  The dashed line represents the critical micelle concentration (CMC).  Where the 
water content is above this point, micelles are not formed and lipids are mono-dispersed.  Diagram taken 
from ref 11. 
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with a normal phase (Fig. 11 (a)).  Curvature towards the water is termed negative or inverse 
curvature.   
Lamellar phases (Fig. 11 (b)) are a set of stacked sheets of lipid molecules with an average 
curvature of zero along both principal curvatures (c1 = c2 = 0) and are described in more detail 
below (section (ii) Lamellar phases, page 89).  Cylindrical arrangements of lipids (hexagonal tubes 
of theoretically infinite length, Fig. 11 (c), see section (iii)) have one principal curvature 
(conventionally c1) that is positive (or negative), and one (c2) that is zero.  The latter is parallel to 
the longest axis of the cylinder.  Two derivatives of the principal curvatures are used, the mean 
curvature (H, Eq. 1) and Gaussian curvature (K, Eq. 2)130:  
 
 
  
Eq. 1 
Eq. 2 
In addition to phases where either or both principal curvatures is zero or of one sign, 
curvature in which c1 and c2 are of opposite signs is observed.  This type of curvature is often 
described as saddle shaped and gives rise to lipid aggregations that possess symmetry in three 
dimensions, termed cubic symmetry.  A schematic spectrum of mesophases as a function of 
hydration and temperature is shown schematically in Fig. 13.   
Positive and negative curvatures when applied to phases of cubic symmetry are again a 
matter of convention.  Discontinuous cubic phases (such as Fd3m, a cubic phase in which the 
system is made up of two sizes of micelle24) are more straightforward, however, some 
bicontinuous ones have proved more difficult to elucidate10.   
Positive and negative curvatures in mono-layers can be described in terms of the preferred 
shape of the lipid molecules.  This is known as the packing parameter, S, and was described by 
Israelachivili128 (Eq. 3) using terms νC for volume of the chains (lipophilic region of the lipid), a0 as 
the optimum head group area of the lipid and lC being the length of the chains.  
 
 
Eq. 3 
 
It is therefore possible to describe the thermodynamic desire of lipids to curve at least 
qualitatively.  Where the packing parameter S, is less than 1, a normal phase is expected.  This 
arises because the product of preferred lipid area a0 and the length of the chains lC outweighs the 
volume of the chains νC.  A relatively large volume for the chains gives us the likelihood of a type 
II phase (negative curvature).  It is also possible that the numerator and denominator balance 
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Fig. 14.  Schematic representation of the six major forces 
governing lipid polymorphism. 
 
 
 
 
Fig. 15.  The lateral stress profile of a lipid 
molecule. 
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precisely and thus we have a type 0 lipid.  Due to their propensity for zero curvature and forming 
lamellar phases observed in nature, naturally occurring type 0 lipids are also known as bilayer 
lipids.  The calculation of S is also used to assess the effect of lipid shape on phase behaviour131. 
Although this approach gives us an insight into the balance of forces in a lyotropic system at 
a molecular level, it is not complete.  Phases with negative Gaussian curvature, K, and cubic 
symmetry are not an immediate result from Eq. 3 and thus for cubic phases a deeper investigation 
must be undertaken.  For this, the forces that influence lipid packing have been examined132-134, 
both in general terms (shown schematically in Fig. 14) and as a function of depth in a lipid 
bilayer11,135,136 (Fig. 15).  The lateral stresses, termed π(z), are defined as a function of depth into 
the monolayer, z and are proportional to the first moment of the lateral stress across the 
monolayer.  Unfortunately many of these forces are not measurable directly by experimental 
means.  However, the spontaneous mean curvature H0 can be measured, and is determined by 
the distribution of lateral stresses through the monolayer.  This is also the balance of the positive 
and negative forces (integrations) in the lateral stress profile (Fig. 15).  Spontaneous mean 
curvature is determined by both hydrating a system with a suitable aqueous medium, and with 
relief of packing stress of the hydrocarbon region with a long-chain alkene137 or alkane138,139 for 
inverted phases.  This allows the monolayer to adopt the shape it wishes to without other 
constraints.  In order to determine the curvature and elastic forces clearly, the placement of the 
surface, and thus the unit area of the individual lipids must be decided.  Either the pivotal surface 
(the surface area of which does not change on bending) or the minimum surface (the bending of 
which is not coupled to the energy of the system) is selected.  The simpler of the two to use is the 
pivotal surface as it is a constant.  Experimentally, the system is expanded by the addition of 
water (excess hydration) and e.g. long-chain alkene137 until a constant lattice parameter is reached 
for the inverse phase present.  This yields the radius of curvature (R0) which is related to the 
spontaneous mean curvature.   
This method has been used to determine the spontaneous mean curvature in several inverted 
systems.  For example, Vacklin et al.137 and Alley et al.140 use this method to determine the H0 of 
mono-olein and dioleoyl phosphatidic acid, respectively.  Terms to describe the energy 
requirements for altering membrane curvature have been devised.  The bending modulus κ 
describes the energetic cost of altering mean curvature H, and the Gaussian curvature modulus κ 
G describes the energetic cost of altering K.  All of these terms can be combined in the form of the 
Helfrich ansatz130,141, that gives the curvature elastic energy of a given unit area (gC, Eq. 4).
 
 
 
Eq. 4 
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Scheme 28.  The physical effect of increasing temperature (T) and water content of a flat bilayer.  The grey 
areas show where energetically implausible voids would be required to satisfy the desire for curvature.  
Diagram taken from ref 11. 
 
 
 
 
 
 
 
 
Scheme 29.  The compromise made to the shape of type II lipids (red) to a more type 0 shape (blue) in order 
to avoid energetically costly voids (grey).  
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The κ for a mono-layer is of the order of 2 × 10-19 J for more typical phospholipids10, and has 
been measured at 0∙6-1∙2 × 10-19 J for a phosphatidylcholine bi-layer containing  a 1:1 mixture of 
saturated and unsaturated fatty acid residues142,143.  The Gaussian curvature modulus is theorised 
to be of approximately the same magnitude as the bending modulous, but negative for a model 
system tested130.  The curvature elastic energy per unit area has been used by Gruner et al. to 
calculate the free energy of lyotropic systems (gT, Eq. 5)
144.  Analogous with the packing 
parameter (Eq. 4), the equation developed takes account of the packing of hydrocarbon chains 
(termed gP here) and a combination of electrostatic and hydration forces (ginter or gi), shown as  
 
 
 
Eq. 5 
 
This equation, along with those that describe other aspects of lipid polymorphism discussed 
above contribute to our understanding of observations made of the behaviour of lipid systems.  
They describe thoroughly what can happen in single-lipid-component systems.  However, many 
lipid systems are not single-component and where the components have differing preferences for 
curvature (i.e. dissimilar values for the packing parameter S) another phenomenon is observed, 
that of packing stress.  Packing stress can be observed in a range of systems – in fact any in which 
the bending desire of the lipid(s) is not met.   
In systems where there is a mixture of dissimilar lipid types most sets of physical conditions 
will not be able to compromise the packing requirements of all lipids present exactly.  The 
aggregations will therefore be under a physical stress, the forces of which also apply in the more 
general description of Stored Curvature Elastic Stress.  Consider the example of a flat bilayer 
composed of a single lipid.  The effect of increasing the temperature increases the constituent 
mono-layer‘s desire for negative curvature, and increasing water content increases the desire for 
positive curvature (Scheme 28).  This is a result of increased disorder in the hydrocarbon fraction, 
and of increased steric/electrostatic repulsions amongst the head groups, respectively.  Lipid 
mixtures provide a more complicated study as the phase(s) they might form, or where the 
boundaries for phase transitions might be, is not necessarily predictable.  The compromise to 
lipid shape is exemplified by type II lipid molecules in a flat bilayer (Scheme 29).  In this case the 
type II lipid is forced to adopt a more type 0 shape in order to avoid the energetically costly voids 
that would otherwise be formed.   
Although compromises to lipid shape avoid energetically unfavourable voids, the presence 
of stored curvature elastic stress is not of itself energetically favourable and so more energetically 
favourable lipid arragements may be made.  The mono-layer surfaces may curve in an 
energetically favourable arrangement, leading to the formation of hexagonal cylinders (discussed 
in more detail on page 97) or phases with cubic symmetry (page 99).  It may also be energetically 
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Fig. 16.  Fluid lamellar phase (Lα).  Shows a disordered hydrocarbon fraction. 
 
 
 
 
 
 
 
   
 
Fig. 17.  Gel lamellar phase (Lβ) showing a more 
ordered hydrocarbon fraction than the fluid 
lamellar.   
Fig. 18.  Tilted gel lamellar phase (Lβ′) showing 
a more ordered hydrocarbon fraction than the 
fluid lamellar.   
 
 
 
 
 
 
       
 
Fig. 19.  Crystal lamellar (LC) showing 
an ordered hydrocarbon fraction.   
Fig. 20.  Ripple phase (Pβ′), reported to be a compromise 
between tilted gel and fluid lamellar phases145,146. 
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favourable for the mono-layers to remain flat but expand in area.  This would allow the 
frustration in a system in which the increases in head group size and hydrocarbon fraction 
disorder (and thus volume) are in proportion, to be relieved.  A clue to possible phase behaviour 
in lipid systems comes from the Gibbs Phase Rule (Eq. 6), which allows us to calculate the 
number of phases that may be formed.   
 
 
 
Eq. 6 
In this equation, φ is the number of phases the system can form, C is the number of 
components and F the number of degrees of freedom.  Degrees of freedom refers to the physical  
parameters in the system that can change but are independent of one another.  They are 
composition, temperature, volume and pressure.   
 
 
 (ii) Lamellar phases 
 
Lamellar phases are characterised by a flat minimum surface and are formed readily by type 
0 lipids, such as DOPC.  This shape of surface translates to a flat head group interface and 
principal curvatures c1 and c2 being equal to one another and zero, and the phase having 
symmetry in only one dimension.  Despite this apparent structural limitation, there are a variety 
of types of lamellar phase.  The different arrangements in the phase are chiefly the result of 
differences in the conformation of the fatty acid residues.  The crystal lamellar (LC) phase exhibits 
the least thermodynamic disorder, in which the fatty acid residues are crystalline and thus have 
no fluid character.  Crystal lamellar phases are readily identified by wide-angle x-ray diffraction 
as at least two sharp signals are visible in the wide-angle region at approximately 4∙0 Å.  Some 
lipid systems show several such signals, e.g. up to 8∙0 Å, as reported by Blaurock et al. for a 
saturated phosphatidylglycerol system147.  Wide-angle x-ray diffraction demonstrates the short-
range order of the system, showing a greater number of sharper Bragg intensities with increasing 
thermodynamic order.   
On partial melting of the fatty acid residues and hydration of the head groups, the system 
may become a gel lamellar (Lβ, Fig. 17) in which there is rotational disorder along the chain axes 
in the hydrocarbon region not present in the crystal lamellar.  The chains in this phase are 
extended and remain in the trans conformation.  This rotational disorder is quoted as having a 
time scale of approximately 10-7 sec for some charged-lipid-containing ternary systems148.  Some 
systems have been observed to form the gel lamellar phase without appreciable hydration148, 
however this is exceptional.  The chain packing is usually an hexagonal arrangement of lattice  
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planes and can also be identified by wide-angle x-ray diffraction with a characteristic signal for 
unbranched fatty acid residues at 4∙1 Å.  A number of gel lamellar systems exhibit a second 
signal that may be broader, at approximately 4∙0 Å132,149.  The reduction in number of signals 
observed and the broadening of one of those that remain is due to the reduced conformational 
order with respect to the crystal lamellar phase.  This reduces the number of lattice planes and 
thus the number of surfaces from which in-phase diffraction can occur. 
Ortho-rhombic packing of fatty acid residues in the gel lamellar phase has also been reported, 
however has been difficult to demonstrate clearly as the wide-angle signal for ortho-rhombic 
packing can be almost indistinguishable from that of hexagonal packing150.  Studies that initially 
focussed on lipid extracts from the stratum corneum in various mammalian tissues has provided a 
subtle but telling feature of hydration of gel lamellar phases.  Rather than being a simple 
intermediate phase between crystal and fluid lamellar phases, it has in fact be demonstrated that 
there are three distinct states of the gel lamellar phase that can distinguished by hydration150-153.  
They are termed LβF, LβL and LβI, in order of increasing hydration.  These three sub-phases can 
also be distinguished by the angle of tilting, with LβI the greatest angle, and LβF the least, thus the 
tilting and hydration are proportional.  The greater order associated with the LβF phase gives rise 
to two signals in the wide-agle region, where only one is observed for the LβI phase
151.  The 
reports of these three aspects of the gel phase state that careful alignment and experimental 
conditions are required for accurate demonstration of their existence150-152.  Despite this 
apparently narrow ambit for observation of these gel lamellar phases, the fact that some crystal 
lamellar systems also show only two signals in the wide-angle region means that careful analysis 
is required in order to assign the patterns correctly. 
The fluidity of the fatty acid residues in the gel lamellar is intermediate between the crystal 
and fluid lamellar phases.  The effect of a reduction in energy of the system, e.g. from the fluid 
lamellar to gel lamellar phase is that the effective length of the chains increases, and there is less 
lateral movement, leading to an increase in the thickness of the bilayer.  This aspect of the phase, 
along with the aqueous and/or added hydrocarbon fractions that interact with the head groups, 
is called the lattice parameter (also called a), or the d-spacing.  Only in phases with 
one-dimensional symmetry are the d-spacing and lattice parameter identical.   
The fluid lamellar (Lα, Fig. 16) or liquid crystal phase is often observed at higher temperature 
(or under lower pressure) than a gel lamellar phase in a given system, and is associated with an 
entirely melted hydrocarbon fraction relative to the more ordered lamellar phases.  Thus, in this 
arrangement, the fatty acid residues have considerable disorder relative to the crystal and gel 
lamellar phases.  Subsequently, wide-angle x-ray diffraction shows only one, usually very broad 
and indistinct signal at around 4∙6 Å for the fluid lamellar phase.  The hydration of the fluid 
lamellar phase is greater than that of the gel lamellar phase, as demonstrated by studies  
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employing salts dissolved in the aqueous fraction.  Dehydration of the lipid fraction caused by 
dissolved salts suppresses the fluid lamellar phase (an increase in the transition temperature of 
1∙2 °C/mol NaCl for dimyristoylphosphatidylethanolamine) and can be acute enough to effect 
transitions from gel lamellar to the inverse hexagonal phase154.   
As well as ready identification of the lamellar phases, transitions between crystal, gel and 
fluid lamellar phases are demonstrable experimentally using diffraction techniques, as reported 
by Serrallach et al. in their investigation into the phase behaviour of phosphatidylcholines 
containing mixed fatty acid residues149.  At the lowest temperatures at which diffraction patterns 
were collected in myristoyl-palmitoyl-phosphatidylcholine (MPPC), the crystal lamellar phase 
was observed.  In this system, this phase is demonstrated by two bold signals in the wide-angle 
region, a sharper one at 4∙47 Å and a broader one at 3∙90 Å.  Two much weaker signals are 
observed at 5∙75 Å and 9∙98 Å.  On heating to ~8 °C a transition to the gel lamellar phase is 
observed.  In the gel lamellar system the fatty acid residues become more disordered and the 
head groups more hydrated, showing an increase in the lattice parameter of the phase of around 
5∙0 Å to 63∙0 Å.  The wide angle signals for this phase are fewer than for the crystal lamellar 
phase with one bold but broad signal at around 4∙2 Å recorded.  Further heating brings about the 
rippled gel phase (Pβ′) that shows little change from the gel lamellar phase in the wide-angle 
region, but a longer d-spacing (66∙0 Å) than either the fluid lamellar (64∙0 Å) or gel phase 
(63∙0 Å) in the short-angle region.  The latter is related to the further hydration of the head 
group.  Heating still further to ~32 °C gives rise to the ripple lamellar to fluid lamellar (Lα) 
transition in which only one, broad wide-angle signal is observed at 4∙5 Å.  A decrease in head 
group pressure (viz. Fig. 14) as a result of a reduction in the hydration of the head groups gives 
rise to a smaller lattice parameter than the rippled gel phase.   
Despite the energetic argument for this sequence of phases, not all lyotropic systems 
demonstrate it.  In some the fluid phases are not observed at all in isolation155, with curved 
phases transforming directly into the crystal lamellar phase.  This type of acute transition is 
partially dependent on hydration in some systems, with the crystal lamellar to inverse hexagonal 
phase transition being direct at least above 21 % water in mono-erucin systems156.  In some 
systems the gel lamellar phase is only observed on reducing the temperature, if at all149,157,158.  
Certain systems deviate more considerably.  Mono-olein shows a curved two dimensional phase 
at the high temperature, and a crystal lamellar phase only at the highest pressures (though 
presumably it is at least theoretically possible at low temperatures too).  In this case the 
temperature/pressure phase diagram dominated by a phase with cubic symmetry132.  So, 
although a translational order to a sequence of phases is established10, it is not necessarily a 
rigorous guide to the phase transitions in all systems. 
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 Human adult 
Erythrocytes159 
Human foetal 
Erythrocytes160 
Rod plasma 
membrane161 
Ovine 
Sperm*162 
Human 
Sperm163 
Porcine 
Sperm164 
PE 25∙8 15∙9 7∙7 9∙0 26∙3 15∙6 
PC 23∙3 23∙1 47∙2 58∙0 25∙2 24∙9 
Inositides 6∙4 2∙9 0∙5 5∙0 3∙1 6∙6** 
PS 12∙2 11∙1 17∙5 3∙0 4∙3 3∙5 
SM 9∙0 22∙9 0∙0 2∙0 10∙2 9∙1 
Sterols 23∙3 23∙9 27∙1 23∙0† 49∙0 40∙0†† 
 
 
Table 1.  Comparative compositions of the plasma membranes of some mammalian cells. * plasma 
membrane of the anterior region of the spermatozoa head.   † = includes unidentified lipids not of 
phospholipid type.  ** also referred to by the authors as non-migrating lipids.  †† approximate value.   
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As well as the fluidic property of the chains, other factors such as hydration and charge can 
also influence the behaviour of lipids in lamellar phases145.  Some of these give rise to phase 
behaviour in which tilting146,165, inter-digitation166-168, rippling146,169 or helicising170-173 is observed.  
A lamellar phase based upon two lattices is also reported174.  Tilting of lipids with respect to the 
bilayer normal is observed in both the crystal and some gel states (Lc′ and Lβ′ respectively).  In 
the liquid crystal state, the tilting occurs in order to maintain a crystalline chain packing but with 
an increased head group cross-sectional area associated with an increase in hydration165.  The 
reasons for inter-digitation (sometimes termed LβI, not to be confused with the more hydrated gel 
lamellar phase described above) in the hydrocarbon fraction are primarily structural, in which 
one of the two fatty acid residues is considerably shorter than the other145,166,167, however inter-
digitation can also provide a way of accommodating increased head group area beyond that 
possible with tilting alone10.  The rippled lamellar phase (Pβ′) falls between the gel and fluid 
lamellar phases146,169,175,176 and is reported as an energetic compromise between the tilted gel phase 
and fluid lamellar phase in multi-lamellar vesicles of phosphatidylcholine145.  The rippled 
lamellar phase is represented schematically as possessing localised regions with more fluid-like 
behaviour and others with gel-like character.  Helical arrangements of the fatty acid residues is 
known as a Lδ and has been observed in unhydrated phosphatidylcholine systems
170-172.   
Despite this wide variation in lamellar phases, physiological conditions, protein activity and 
evolutionary survival limit the polymorphism of the lipid molecules in biological systems and so 
few outside of the fluid lamellar is observed in vivo.  This is perhaps understandable for the most 
part as low-hydration and high pressure conditions that might elicit tilted gel165 or crystal lamellar 
phases, are rare in nature.  What is also now emerging are the sophisticated methods by which 
cells are able to acquire and maintain a fluid lamellar system that is homeostatically sound.  
Biological membranes are made up of a mixture of lipid types that includes both phospholipids 
and sterols (Table 1)159,161,177 and achieve their topology not only through lipid shape but 
population9.  The type and ratio of lipids in a cellular membrane can give clues as to its shape, 
e.g.  membranes with more PE will have sharper curvature towards the cytosol or have more 
stored curvature elastic stress.  For example, the variation between adult and foetal erythrocyte 
lipid composition would suggest a less curved surface, possibly related to the different functions 
before and after birth.  The lipid composition of the anterior portion of ovine sperm is markedly 
different to the general composition of both human and porcine sperm, which may be expected 
as the shape of this surface is different from the average across the membrane.  The variations 
between human and porcine sperm appear to be between the charged and type II lipids present, 
as there is minimal difference between the SM and PC components.    
The inner (cytosolic) leaf of mammalian cells is known to have a measurably different 
composition to the outer leaf1.  This is closely maintained by cells and disturbances in the 
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Fig. 21.  2D representation of inverse hexagonal phases.  The shortest distance between lattice points (black 
dots) is the lattice spacing (a), and the shortest distance between lattice planes (blue lines) is the lattice 
parameter (d).  Lattice spacing and parameter are related by d = a.( √3/2).  The lattice parameter is 
normally in the region of 40-80 Å for unswelled inverse hexagonal phases11.   
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 mechanisms that maintain it can fatally impair a cell‘s ability to carry out its normal function178.  
The majority of charged lipids such as phosphatidylserine and inositides are found on the inner 
leaf, as well as the type II phosphatidylethanolamine.  The asymmetry between inner and outer 
mono-layers may also be related to the inositides‘ role as a signalling molecule14.  There is also 
evidence that the charge possessed by the inner leaf of biological membranes may be related to 
the membrane‘s relationship with the cellular cytoskeleton179.  However, charged and 
zwitterionic lipids are also known to interact with dissolved metal cations180 and water 
molecules181, influencing the membrane‘s permeability to water and dissolved cations.  The outer 
(extracellular) leaf is composed mainly of type 0 lipids phosphatidylcholine and sphingomyelin.  
A corollary to membrane leaf asymmetry is a report that indicates that changes to the fluidity of 
the membrane that occur to compensate for changes in sterol composition are not achieved by 
changes in the fatty acid composition as this stays constant182.  This suggests that model 
eukaryotic membranes in vitro are able to make changes in head group composition on one or 
both leaves of the membrane, rather than rely on the lengthier processes required to invoke 
changes by fatty acid metabolism.   
 
 
(iii) Hexagonal phases 
 
Hexagonal phases are characterised by stacked cylinders of theoretically infinite length.  
Unlike the lamellar phase, the principal curvatures differ.  One is zero (parallel to the long axis of 
the cylinders) and the other is either positive or negative.  This affords the phase two-dimensional 
geometry and means it is either ‗normal‘ (positive curvature) or ‗inverse‘ (negative curvature).  
Inverse hexagonal phases are built in such a way that the hexagonal cylinder comprises a portion 
of the aqueous fraction with the hydrocarbon volume of the lipid fraction facing out from this 
(Fig. 21).  The hydrocarbon interface forms an hexagonal shape as opposed to a circular one as 
this allows the system to avoid energetically-costly vacuous voids between cylinders.     
The geometry of the two-dimensional inverse hexagonal phase is shown in Fig. 21.  The 
shortest distance between lattice planes (blue lines) is known as the lattice parameter (d).  This is 
shorter than the shortest distance between lattice points (black dots), known as the lattice spacing 
(a).  Lattice parameter and spacing are related by Eq. 7.   
 
 
 
Eq. 7 
 
 
This, along with the size of the lipid molecules allows calculation of the numbers of lipid  
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Fig. 22.  (i) Saddle shape shown on an every-day leather dressage saddle, with the curve that is perpendicular 
to the plane of the paper shown in white, (ii) Saddle formation of the lipid molecules, where the curvatures 
are at perpendicular planes10.  Points1: (a) Saddle point or seat, i.e. where the two curves meet and there is 
curvature of both negative and positive sign at once (In practice this is restricted to no more than one lipid 
molecule), (b) Left (arbitrarily assigned name) apex of the upper curve, (c) Right apex of the upper curve, (d) 
and (e) are the apices of the lower curve.   
 
 
 
 
 
                                                     
 
1
 Comparison with the saddle: (a) seat, (b) cantle, (c) pommel, (d) off-side saddle flap, (e) near-side saddle flap.   
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molecules in a slice of the hexagonal cylinder.  A comparison between this and the size 
measured under unstressed conditions139,183 can give an indication of the stress lipid molecules are 
under in this phase87.    
Phosphatidylethanolamine is a naturally-occurring lipid that forms the inverse hexagonal 
phase under a variety of conditions139,184.  Despite this it is the major component of many 
prokaryotic cellular membranes, with around 75-80% of E .Coli membranes being made up of 
PE177.  Other type II lipids are also constituents of biological membranes and an altered ratio of 
type II lipids to others in human cellular membranes is implicated in insulin signalling defects in 
humans159.  Despite the prevalence of type II lipids, the hexagonal phase itself is essentially 
absent from nature.  However, it is theorised that localised areas of stored curvature elastic stress 
are induced by the heightened production of type II lipids in order to make membrane fusing or 
membrane dividing events more thermodynamically favourable4,7,9.  It is possible to stabilise 
lamellar structures formed by phosphatidylethanolamine lipids by exposure to chaotropic agents 
such as urea and guanidine184.  It is not clear what extent this happens in nature with 
phosphatidylethanolamines, however.    
 
 
(iv) Cubic phases 
 
Cubic phases are defined by three-dimensional symmetry and fall into two categories.  
Bicontinuous cubic phases possess a negative Gaussian curvature, K, the product of the principal 
curvatures of which one is positive and one negative in this case.  Thus negative K arises from 
saddle shaped curvature (Fig. 22) in which the same surface is bent in two different directions 
simultaneously.  This gives a theoretically infinite surface that divides two inter-penetrating 
aqueous media.  Examples include the phases of Im3m (Fig. 11 (c)), Pn3m and Ia3d geometry 
and are based on infinite periodic minimal surfaces.  Discontinuous cubic phases by contrast are 
marked by a (theoretically) infinite number of surfaces of defined size that pack into one cubic 
lattice.  This includes the phase with Fd3m geometry that comprises micelles of two sizes that 
pack into a cubic lattice155,185-187.  The recently-discovered discontinuous phase with P63/mmc 
symmetry consists of micelles of one size packed onto a three-dimensional hexagonal lattice also 
falls into this category188.  Three dimensional phases with rhombohedral and tetragonal 
symmetry have also been observed, however they are relatively rare compared with phases with 
cubic symmetry10. 
Despite the relatively complicated geometry of cubic phases, and the reported appearance of 
them as apparently transient between simpler phases (lamellar, hexagonal, micellar) a number of 
systems pack into these mesophases over a extensive range of conditions133,134,137,141,185-198.  As with 
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Fig. 23.  Major and minor component lipids of biological systems, with dioleoyl fatty acid residues as an 
example.  OR = dioleoyl glycerol as shown in full in 132.  Names of lipids: 132, dioleoyl phosphatidyl 
ethanolamine (DOPE), 133 dioleoyl phosphatidylcholine (DOPC), 134 dioleoyl phosphatidyl serine 
(DOPS), 135 dioleoyl phosphatidyl inositol (DOPI).   
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other curved phases, both inverse and normal types are theoretically possible though both normal 
and inverse types of the same cubic phase are not normally observed in the same phospholipid 
system10.  Additionally, normal cubic phases appear to be rare in phospholipid systems.  
Phospholipid systems with shorter chains are better disposed energetically to forming cubic 
phases, where longer-chain lipids relieve their packing stress by forming hexagonal phases134.  
Where systems do form cubic phases, there is now evidence that it is possible to observe cubic-to-
cubic transitions can occur198.  Additionally, there is a good deal of evidence to suggest that cubic 
phases can become swollen under appropriate conditions, reaching lattice parameters of three or 
four times their unswollen size192.   
Although at least one cubic assembly comprising hydrated lipid and protein in a ternary 
system, has been observed199 a biological role for cubic phases is not clear.  By contrast, the 
shapes of some transient aggregations of membranes during budding or divisional events can be 
compared to lamellar-cubic transitions. 
 
(v) Head group effects 
 
Principally, the head group‘s hydrophilicity determines its phase behaviour, though subtler 
effects of inter- and intra-molecular hydrogen bonding and the presence of charged groups (see 
below, section (vii) Effects of polar solutes, page 105), are also observable.  The effect(s) of the head 
groups on phase behaviour is therefore attributable directly to their structure.  A number of head 
groups of lipid constituents of biological lipids have been identified (Fig. 23, Table 1).   
DOPE (132) and DOPC (133) form the majority of the lipid constituent of biological 
membranes, but have quite different phase characters.  Systems made up entirely of hydrated 
DOPE show strong type II behaviour, something which has been examined as a function of  
temperature11,12,196, and hydrostatic pressure132.  DOPC systems by contrast show strongly type 0 
behaviour12,144.  Both of these lipids are zwitterionic at physiological pH and so only a small 
difference in charge exists between them.  The differences in behaviour can therefore be ascribed 
to the difference in structure144,200.  DOPC‘s amino group is a quaternary amine, in which the 
electro-negativity of the nitrogen is masked by methyl groups.  DOPE‘s amino group is not 
masked in this way, allowing the protonated primary amine to form an intra-molecular hydrogen 
bond with the anionic oxygen of the phosphate di-ester, and water, and thus have more 
pronounced interactions with neighbouring lipids195,201, but also a repelling effect between 
bilayers when hydrated202.  These interactions between neighbouring head groups have the effect 
of reducing the head group area compared to PC as hydration of the PE head group is lower.  
Lipids with amino-methylation intermediate between PC and PE have been studied, showing a 
stepwise trend between the behaviour of PC and PE144.   
102           Samuel Furse - The Synthetic Preparation and Physical Behaviour of Phosphatidylinositol-4-Phosphates 
 
 
 
 
 
 
 
 
 
 
 
 
  
Samuel Furse - The Synthetic Preparation and Physical Behaviour of Phosphatidylinositol-4-Phosphates  103 
 
 Lipids with charged head groups such as phosphatidylserine (PS, 134) are also relevant to  
biological systems viz. the inner leaf of the biological membrane possesses significant negative 
charge9,161,203.  This negative charge forms an important part of the relationship between the 
membrane and the cellular or organellular cytoskeleton179, and is exploited in mediating ion 
transport across membranes204.  The electrostatic interactions possible with a charged head group 
are an important structural difference between PS and PC/PE205,206.  PS is also sensitive even to 
small chemical changes in head group structure, such as methylation207.  Inositides (e.g. PI, 135) 
are also charged, by virtue of the phosphate di-ester.  Phosphate mono-esters in inositides, e.g. 
DSPIP 1, are a source of charge that have a separate and measurable effect on the dimensions of 
a lamellar phase208.  This is in addition to the hydrogen bonding mediated by the hydroxyls of the 
inositol ring.  The charge(s) in inositides are reported to effect  significant changes in phase 
behaviour when exposed to divalent cations209 in a similar way to those in PS207.  Some of the 
geometry of selected inositides in contrived model systems has been reported and may be 
extended to other species, giving a computer-generated predictive model of lipid behaviour210.   
Lipids with charged head groups are capable of electrostatic interactions not possible in 
neutral lipids204,208,211,212.  A charge allows the head group to interact with water molecules and 
form an electrostatically- and possibly sterically-repelling hydrosphere208,213.  This can lead to 
large lattice spacings and lowered interfacial curvature in hydrated systems.  This is in sharp 
contrast to unhydrated systems in which charged lipids such as PS exhibit type II phase 
behaviour, observed as a result of the more direct electrostatic interactions between head 
groups206.  The presence of charge in the head group can also influence the behaviour of systems 
in lamellar phases, giving aggregations sympathetic to the (relatively) larger head group 
diameters147.  It is also reported as being a more generally important factor governing phase 
behaviour across non-lamellar phases131. 
 
 
(vi) Effects of hydration 
 
Water molecules are capable of electrostatic interaction with neutral polar head groups, as 
well as having an important influence on charged head groups.  Hydrated head groups have 
water molecules interspersed between head groups in a hydrogen-bonded arrangement11,214.  The 
number of water molecules imbibed by a lipid head group to be fully hydrated is referred to as 
the hydration sphere or shell, and is around 9-10 for dilauroylphosphatidylethanolamine215 and 
around 23 for dipalmitoylphosphatidylcholine216.  Molecular Dynamics simulations have been 
reported that attempt to explain the hydration behaviour of lipid species, including the work by 
Perera et al. on the difference between phosphatidylcholine and phosphatidylethanolamine217.  In  
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these simulations, the rough molecular surface of a lamellar phase is smoothed by the occupation 
of voids by water molecules.  In reducing the hydration of both PC and PE systems, the authors 
found evidence for a clathrate-like structure (studied independently in water systems218) for the 
hydrosphere of phosphatidylcholine, an assertion that agrees with previous observations of the 
repelling forces between phosphatidylcholine bilayers213.  Phosphatidylethanolamine is fully 
hydrated with fewer water molecules, giving rise to a different shape of hydrosphere.  Both the 
removal of water below the hydration limit and steric interactions of head groups contribute to 
the repelling forces that exist between lamellar head group surfaces217.   
Hydrogen bonding via water molecules can also occur between head groups of neighbouring 
bilayers219.  This is in contrast to the evidence for a steric- and electronic-repelling effect of water 
molecules being collected around charge head groups213.  The head group behaviour may also be 
at the root of the desire for E. Coli to use phosphatidylethanolamines as the major component 
(75-80%) in their cellular membranes177.  As phosphatidylethanolamine is much less able to 
attract water than other important biological lipids such as phosphatidylcholine, water molecules 
are less able to interact with it and therefore less able to pass through it.   
Hydration of lipid systems can also have other effects.  The chain melting temperatures of 
dry phosphatidylcholine systems depart significantly from the chain melting temperatures 
recorded for hydrated systems145.   This is in contrast to systems containing mixtures of PC and  
fatty acids which display similar chain melting behaviour under both dry and excess water 
conditions148.  Partially hydrated phosphatidylcholine systems show a number of hydration- and 
temperature-dependant transitions between lamellar phases175.  Despite the strong curvature 
exhibited by some lipid/water systems, this can be mediated by the addition of chaotropes to the 
aqueous medium.  Chaotropes supplied in the aqueous medium, such as sodium thiocyanate, 
urea and guanidine stabilise the lamellar phase in phosphatidylethanolamine184.  The mechanism 
for this may be to effect an increase in the head group size of the lipid molecules, taking them 
closer to a type 0 shape131.    
 
 
(vii) Effects of polar solutes 
 
The presence of dissolved salts in the aqueous component of a lyotropic system can have a 
profound effect on that system‘s phase behaviour10.  High salt concentrations can have a 
dehydrating effect due to the osmotic pressure exerted by the solution, forming phases of lower 
hydration character10,11,220.  This is demonstrated clearly by the ability of metal ions to dehydrate 
phosphatidylserine bilayers sufficiently to precipitate them from aqueous solution221.  In systems 
where precipitation is not induced, or at lower concentrations than required for precipitation the 
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presence of salts, particularly divalent cations such as magnesium or calcium can have a 
screening effect on negative charges in head groups such as those of phosphatidylserine222 and 
phosphatidylinositol223, as well as providing a bridge between anionic centres.  A number of 
reports suggest this leads to the formation of the inverse hexagonal phase due to the reduction in 
steric and electronic repulsion that arise from the presence of a charged group222-224.  In other 
cases, salts can induce the formation of lamellar phases from systems comprising only normal 
micelles209.  These observations suggest a general trend towards inverse curvature or at least a 
disfavouring of normal curvature.   
The binding of metal cations to lipids with relevance to biological systems has been the 
subject of simulated study that is able to bear out the observations made in vitro but also suggest a 
physical role for calcium as a secondary messenger in the locus of membrane lipids225.  There is 
evidence that a combination of head group charge and dissolved salts contributes to the 
formation of micro-domains of inositides in biological systems226, as well as providing part of the 
driving force behind dissolved-ion-induced phase transitions209.   
Another important aspect concerning dissolved ions in biologically-relevant systems is the 
concentration of protons.  The pH ranges at which lipids are sensitive to changes in proton 
concentration vary according to pKa.  This physical property can be measured using coumarin-
based dyes that are located in the membrane by virtue of their lipophilic nature, but do not have 
amphiphilic self-assembly behaviour227.  Phosphatidylcholine is deprotonated above pH 3 and so 
changes above this point effect only a minimal change in phase boundaries.  Changes to pH 
below this point, and fatty acid residue length (see also Section (viii), page 111) and type can 
conspire to alter the chain melting temperature by over 10 °C for some systems145.  The precise 
pKa of phosphatidylcholines is disputed as various values are reported.  This may in part be due 
to the ability of protons to be ‗shared‘ between neighbouring phosphate groups145.  A similar 
phenomenon of intra-molecular sharing of hydrogen ions has been observed between phosphates 
in inositide species201.   
Phosphatidylethanolamines by contrast are deprotonated above pH 8 (amino group) and 
fully protonated below pH 3 (phosphate di-ester).  Within this range they are Zwitterionic and 
the transition temperatures and phases observed do not differ appreciably228.  However, at 
> pH 9, the temperatures of gel-to-fluid lamellar phase transitions decrease, from 62∙3 °C at 
pH 13 to 42∙0 °C at pH 8 in the case of [saturated] dipalmityl PE229.  Additionally, dialkyl PEs (in 
which the glyceryl esters are replaced by ether bonds) show a significant increase in the transition 
temperatures for the formation of the (normally energetically-favoured) inverse hexagonal phase.  
Although the diacyl- and dialkyl-PEs often have different transition temperatrures, the principles 
that govern their behaviour are often analogous228, thus with the increased favourability of the 
transition to the fluid lamellar phase and decreased favouring of the fluid lamellar-to-inverse  
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hexagonal phase transition, it appears that basic pH stabilises the fluid lamellar phase. Lower pH 
systems on the other hand have higher transition temperatures both for transitions to the gel 
phase from the crystal lamellar and for the gel-to-fluid transition. 
Dialkyl-phosphatidylethanolamine systems also show a lowered fluid lamellar-to-inverse  
hexagonal transition temperature.  If the latter is also the case for diacyl systems, it appears that 
not only are the less ordered phases disfavoured, with increases in the transition temperatures by 
around 5 °C each, but also the head group interaction required for the formation of inverse 
curved phase(s) in this system is favoured.   
The above effects reported for phosphatidylethanolamines can be described in terms of their 
head groups.  In basic systems, the proton that would otherwise be kept by the amino group (to 
give the ammonium cation) is lost and so this group‘s electro-negativity is unmasked, giving 
stronger interactions with the aqueous fraction.  This in turn gives a more hydrated head group 
system, a larger hydration sphere and thus a suppression of the head group-to-head group 
interactions required for formation of the (less hydrated) gel and crystal lamellar phases and the 
formation of the inverse hexagonal phase.  At low pH, the amino group is fully protonated, and 
the phosphate group at least partially so, masking the anionic charge of the phosphate di-ester 
and presumably inviting hydrogen bonding between head groups, thus strengthening the 
argument for stronger head group-to-head group interactions (Fig. 14).   
Several studies have investigated the physical dynamics of aqueous systems containing 
inositide species, either the inositol moiety in isolation230 or natural extracts of PIP2 in model 
membrane systems201 and vesicles231.  There is a compelling body of evidence that the  
thermodynamic barrier for charged lipids to form type II phases such as the inverted hexagonal is 
lowered by exposure to dissolved cations.  Mono-valent cations such as sodium are reported to 
induce the inverted hexagonal phase in diphosphatidylglycerol232 with lithium producing a 
similar effect in phosphatidylserines233.  A similar effect is observed on exposure of the 
zwitterionic phosphatidylethanolamines to sodium234, however the effect of di-valent cations on 
lipid systems is less general223.  Calcium ions at relatively low concentrations are able to induce 
the inverse hexagonal phase in mixed inositides/phosphatidylethanolamine systems, where 
magnesium ions are less able to223.  Interestingly, hydrated systems of phosphatidic acid and 
phosphatidylcholine exposed to calcium are reported to de-mix, with separation of both 
components (as measured from the phosphatidylcholine component)235.  Calcium ions are also 
capable of suppressing phase transitions, as reported by Jacobsen and Papahadjopoulos235, 
however which phase(s) suppressed is not reported in that case.   
A physical consequence of dissolving salts in the aqueous medium is that the freezing point 
is lowered.  Freezing of the aqueous medium can have the effect of reducing the available 
hydration to the lipid component.  Therefore, with increased salt concentration, the breadth of 
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temperatures at which hydration is available in a given range is increased184.  Second, the 
osmotic pressure of the aqueous medium is increased with an increased concentration of salt.  
The narrower the difference between the osmotic pressures of the aqueous and lipid components, 
the slower hydration will be.  
 
 
(viii) Lipophilic effects 
 
The behaviour of fatty acid residues in biologically-relevant systems is perhaps better 
understood than the head groups.  Natural extracts of lipids invariably contain a mixture of 
diacyl glyceryl moieties, predominantly dioleoyl glyceryl (as shown in blue in 132, page 100) and 
stearoyl-arachidonoyl glyceryl (136, Fig. 24) though many other variations exist, including C16 
fatty acid residues as well as others of differing levels of unsaturation (numbers of olefin bonds).  
In phosphatidylcholines, it has been demonstrated that the number and position of olefin bonds 
has a profound influence on the chain melting temperature (Tm).  This is the temperature at 
which the fatty acid residues become entirely fluid, i.e. the formation of the fluid lamellar phase.  
Saturated long chain phosphatidylcholine systems have the highest chain melting temperature 
(around 80 °C for the dilignoceroyl, [C24] derivative236,237), with progressively lower Tm on 
shortening the chain (-55·2 °C for the dinonoyl [C9] derivative238) with the widespread distearoyl 
[C18] derivative exhibiting a Tm of above physiological temperature, at 54·5 °C
145.  As well as 
raising the Tm of the system, it appears that increasing the length of the chain lowers the chain 
crystallising temperature (i.e. formation of the crystal lamellar phase) with the prediction that  
longer-chain saturated systems would require incubation at low temperatures for lengths of time 
of the order of years before the crystal lamellar phase would be observed.  This is ascribed in part 
to longer equilibration times being required for longer-chain derivatives145.  Unsaturated 
phosphatidylcholines demonstrate much lower chain melting temperatures.  The dinevronoyl 
derivative of phosphatidylcholine (one single olefin bond in each C24 chain) has a Tm of 34·0 °C, 
46·3 °C below that of its saturated equivalent239.  The dioleoyl [C18:1] derivative has a Tm of 
-18·3 °C, a full 72·8 °C below the saturated equivalent240.  Addition of further olefin bonds 
reduces the Tm still further however by decreasing amounts with each olefin bond added.  The 
large shift towards hydrocarbon fluidity mediated by olefin bonds is ascribed to an effective 
‗decoupling‘ of the hydrocarbon chain giving it a behaviour more similar to two  shorter 
chains240.  This is at its greatest when the olefin bond is located in the middle of the chain, 
associating it with the largest possible perturbation of chain-chain Van der Waal‘s forces145.  The 
effect of the olefin bond(s) is less when they are placed either closer to the head group or methyl 
terminal.  Notably, the naturally-occurring cis-olefin isomers are twice as effective as the trans-
isomers at effecting the increase in hydrocarbon fluidity. 
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Synthetically prepared samples of lipids have provided an ideal entry into demonstrating the 
relative differences in phase behaviour between the different types of diacyl glyceryl group175,224.   
Some of the properties of polyunsaturated fatty acid residues have been investigated ab initio241. 
Their biological action has also been reviewed in some detail6.   
As well as the number of olefin bonds in the chain and their placement, the length of the 
chains has a serious contribution to the phase behaviour of an hydrated lyotropic system193.  
Evidence collected to date suggests that the fatty acid residues show considerable order up to 
about the tenth carbon, after which there is considerable disorder, with an almost statistically 
random state for the terminal methyl group193,242.  This may be relevant to the formation of 
bicontinuous cubic phases, which are observed largely in systems that possess fatty acid residues 
of ≤12 carbons133,134,198.  Longer chain lengths can also influence transitions between other phases, 
for example the fluid lamellar-to-hexagonal phase243.  Longer-chained lipid molecules appear to 
be pre-disposed to forming the hexagonal phase when curved, over that of a cubic phase134.  This 
can be as a result of stretching in the hydrocarbon fraction being more energetically favourable 
than in shorter ones87,148, a feature required for energetically favourable formation of the inverse 
hexagonal phase.  Despite this finding in phospholipid systems, some surfactant-type systems are 
capable of producing more than one cubic phase (temperature dependant) with alkyl chains up to 
at least 26 carbon atoms244.  The effect of chain length on lipid phase behaviour has been 
investigated in terms of mono-layer elasticity, demonstrating that poly-unsaturated fatty acid 
residues can behave as appreciably shorter residues than their saturated and mono-unsaturated 
counterparts245.  Studies of the affect of chain length and saturation in terms of membrane mono-
layer curvature and towards an understanding of this interaction with proteins have also been  
reported246.  In this study, Szule et al. use diacyl glycerols in order to measure the quantitative 
effect of the length of the fatty acid residues and the number and conformation of unsaturated 
bonds on the radius of curvature (R0).  Their results show that unsaturated DAGs (C14-18) are 
able to induce the formation of the inverse hexagonal phase when mixed with DOPC, at 
concentrations that saturated DAGs (C10-18) are not.  These results agree with the apparent 
behaviour of unsaturated fatty acids when added to PKC- and dipalmitin-containing PC/PS 
systems studied by Goldberg and Zidovetzki247.  The addition of these fatty acids increases the 
fluid character of the membrane(s), inducing a significant increase in PKC activity by virtue of 
greater interaction between the PKC and dipalmitin.   
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(ix) The biophysical behaviour of inositides 
 
Inositides are a set of phospholipids with two fatty acid residues in the glyceride, and a head 
group based on myo-inositol.  The number of phosphate mono-esters (phosphates bonded to one 
alkyl chain or ring only) varied, with up to three on the 3-, 4-, 5-OH positions.  All combinations 
of mono- and di-phosphorylated versions have been isolated from naturally-occuring sources248.  
The species with none, known as PI (135, page 100) has been documented, as well as PI-3,4,5-P3.  
Inositides are charged lipids, with a single charge on the PI backbone, and one more for each 
mono-phosphate.  The latter however are often placed such that they can ‗share‘ ions, mediating 
the effective charge of the head group.  Inositides are used by the cell as intra-molecular signals 
and are thus found on the inner leaf of the membrane bilayer14. 
Previous work on the biophysics of inositides (PI lipids)23,24 and anecdotal evidence from 
studies of enzyme activity20 has indicated the extremes of biophysical behaviour.  For example, 
an inverse cubic micellar phase has been observed in mixes of natural PI with DOPC23,24.  
Samples under similar conditions have also shown lamellar phase(s)208,223.  Additionally, phases 
with pronounced curvature in PIP2 systems are reported
201.  The phase behaviour of PIP3 systems 
are not yet reported though the lipid shows detergent-like properties in aqueous systems80.  This 
breadth of biophysical behaviour arises from variations in the number and position of 
unsaturated bonds in the lipophilic part of the lipid, and from the number of phosphates on the 
inositol head group.   
Phosphatidylinositols (135) have a number of structural characteristics that together give rise 
to their phase behaviour:  
 
 inositides have several exposed hydroxyls, that are capable of hydrogen bonding 
independently of the charge(s) on the head group;   
 The structure is appreciably larger than many of the more common biologically-occurring 
lipids (PC, PE, sphingomyelin Fig. 23).  The carbocycle of the inositides head group has 
an approximately rigid shape as it is in the chair conformation.   
 Swivelling and tilting of the head group.  This can change how the lipid shape131 packs 
with other lipid head groups24,249; 
 The phosphate that connects the inositol ring to the glyceride moiety retains a negative 
charge. 
 
When hydrated and not mixed with other lipids, phosphatidylinositol forms the fluid 
lamellar phase201,223 (Fig. 11 (b)).  However, when mixed with the type 0 DOPC, a phase with 
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pronounced negative curvature has been observed, giving rise to phosphatidylinositol being 
classified a type II lipid185.  By contrast, when mixed with the type II DOPE, PI appears to 
suppress the hexagonal phase ≥12 mol %250.  Mulet et al.‘s study is the only published 
comprehensive x-ray study to date on any inositide.  Interestingly, this study provides anecdotal 
evidence that the system may be aggregating to reach a subtle energetically favourable assembly.  
As discussed above (Section (i), page 81), the lamellar phase can be formed in systems that contain 
some lipid molecules that under ideal conditions would form a curved surface, but that the 
formation of voids in a mixed system prevents them from doing this, and that the result is stored 
curvature elastic stress in a lamellar phase.  Further, that this stress is not of itself energetically 
favourable.  What the 1:9 PI/DOPC systems may be doing, on a timescale visible to a thorough 
investigator, is forming a phase with cubic symmetry that is more energetically favoured than 
either the lamellar phase (formed within two hours of homogenesis of the lipid mixture 
PI/DOPC 1:9.  Both bovine and triticum sources of PI were tested and in agreement) or the 
inverse hexagonal phase (formed ~170 h after homogenesis, same samples).  The Fd3m phase is 
clearly demonstrated after ~246 h in the system using bovine PI and ~330 h in the tritcum PI 
system185.  The systems tested comprised relatively little aqueous fraction, at 40 wt% for the 
bovine liver PI sample and 30 wt% for the triticum sample.  On the face of it, the increased speed 
of formation can be attributed to the added aqueous fraction, however the fatty acid composition 
is quite different for inositides in triticum251 and bovine252-254 sources.  In fact the apparent fatty 
acid compositions conform to the expectation that animal fats are more saturated than are 
vegetable fats.  As unsaturated fatty acid residues have a more fluid character than saturated 
ones, this factor cannot be ruled out in the self-assembly of these systems.    
In both the PI/DOPC and PI/DOPE cases, structural factors provide an insight into the 
observed behaviour.  Ab initio results published by Li et al. suggest that more highly 
phosphorylated inositide head groups have particular orientations in a given bilayer249.  Although 
there is limited evidence for this behaviour in phosphatidylinositol systems226, tilting of the 
inositol head group (calculated for PIP2 and PIP3 by Li et al.
249) may alter the shape of the inositol 
head group sufficiently to give rise to different phase behaviour.  Although the influence of 
inositides on biological systems is a strong one they too must be regulated14,17-19,25.  The eight 
inositide head groups that have been identified from natural sources, give rise to a sophisticated 
signalling cascade16,19,255, as distinct from the physical effects that have been reported24,185.  
Regulation processes include changes to the phosphorylation of the head group, thus changing 
the lipid.  There is evidence to suggest that the physical movement of inositides is important and 
reversible, from fluorescent studies of PI-4,5-P2 in epithelial cells and fibroblasts
256.  Interestingly, 
this reversible movement and binding to the inner leaf of the cellular membrane is supported by 
work that suggests that PI-4,5-P2 is not able to cluster at anything similar to physiological pH
257.   
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 Reported studies of the phase behaviour of inositides are limited in that the glyceride 
moiety of the lipids isolated from natural sources inevitably comprises a mixture of fatty acid 
residues.  The ratio and types of fatty acids in inositides has been investigated in some 
depth203,252,253 andthus it is understood that the single most common fatty acid residue is stearoyl, 
followed by arachidonoyl253.  These two fatty acid residues are components of the most common 
glyceride residue (136, Fig. 24).  Despite the limits placed by the hydrocarbon volume, head 
group studies have been extended beyond those noted above to include systems with a 
chaotropic species.  In systems made up of natural extracts of PE, the lamellar phase is stabilised 
by chaotropes guanidine, urea and sodium thiocyanate184 and so there is reason to believe that 
the phase behaviour of inositide systems might also be altered in their presence.  Recent studies 
with the interaction of boric acid on inositides by Verstraeten et al.258 suggest that this agent is 
capable of altering the hydration and fluidity of membranes at very low concentrations.  This 
may be in part due to the acidic nature of the boric acid, as inositides are the least most acidic 
biologically-occurring lipid, in the gas phase259.  Studies of inositides in hydrated model 
membranes show how the pH behaviour may influence the hydrogen bonding and charge effects 
of the phosphates in PIP2 and PIP3 inositides
201,231.  This work in particular shows that pH can 
influence the fluidity of the phase, and how the lipid components mix.  At above-physiological 
pH, the inositides studied became sufficiently ionised to attract hydration and repel interaction 
with the unsaturated phosphatidylcholine in the system.  At more acidic pH, better mixing of the 
lipid components was observed231.  Koojiman et al. report that the placement of adjacent 
phosphates means that ions (protons in particular) can be shared between them, which has a 
bearing on the pKa and thus the ionisation of the head group
201.  Moreover, at physiological pH, 
the PI-4,5-P2 component of the system aggregates into clusters even at overall concentrations as 
low as 1%.  Saturated phosphatidylcholine mixed with PI-4,5-P2 by contrast shows a range of 
mixtures of the lipids components, none of which precisely conform to the micro-domain 
argument260.  There is also evidence for inositide mono-phosphates PI-3-P, PI-4-P, and PI-5-P 
forming microdomains.  This has been reported by Redfern et al. and was achieved by combined 
fluorescent/pH studies of inositide mono-phosphates in phosphatidylcholine261.  In addition to 
compelling evidence for the formation of the inositide mono-phosphate domains, the stability of 
these domains is also related to the position of the phosphate mono-ester on the inositol ring.  
Redfern and Gericke also report that between pH 7·0 and 9·5, PI-4-P micro-domains are the most 
stable, and PI-3-P domains the least stable261.  It appears however that micro-domains of inositide 
mono-phosphates are not as sensitive to changes in pH as those composed of PI-4,5-P2.  This 
effect is attributed to the differences in three classes of hydrogen bonding in the system, namely 
hydroxyl-to-hydroxyl, hydroxyl-to-phosphate mono-ester and hydroxyl-to-phosphate di-ester 
interactions between these two types of system261.   
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The model membrane studies discussed above typically comprise mixes of the inositides 
with phosphatidylcholine in vesicles.  Mono-layer studies with phosphatidylcholine or 
phosphatidylethanolamine have also been undertaken to investigate the effect of inositides on a 
biologically-relevant model system.  Patil-Sen et al. report that a comparison of PI and PI-4-P, 
both mixed with saturated phosphatidylethanolamine showed that PI demonstrated a larger 
increase in head group area, and thus the effective size of head group, than PI-4-P.  The report 
goes on to say that at pH 7·0, the pH used in all experiments in that work, charge repulsion is 
linked to the observation that neither PI  nor PI-4-P is able to mix ideally or de-mix completely 
with distearoyl phosphatidylethanolamine262.  This contrasts with the above studies in which the 
mixing of unsaturated phosphatidylcholine and inositides in vesicles is pH dependant.  Despite 
this, similar studies with PI in saturated phosphatidylcholine systems suggest that they are 
almost completely demixed at pH 7·0263,264.  These findings would seem to be in agreement with  
work by Rawicz et al. that demonstrated that the elastic properties of vesicles are strongly 
influenced by the unsaturation and the chain length of the hydrocarbon fraction.  Thus, this 
partly determines the ability of a given system of an inositides species and either a 
phosphatidylcholine or a phosphatidylethanolamine, to mix245.   
Inositide systems also show cation-dependant behaviour.  In water at pH 7·2, PI-4,5-P2 
reportedly forms micelles that are transformed to a disordered lamellar phase on addition of 
5 mM of calcium ions or 10 mM magnesium ions209.  The mono-valent sodium ion is unable to 
elicit similar measurable phase behaviour effects below 100 mM.  In keeping with the evidence 
discussed above concerning hydration interactions in head groups, evidence from modelling 
studies put forward by Hirai et al. suggests that the hydration factor is more important in a 
PI-4,5-P2/water system than the changes to the electrostatic interactions brought about by the 
presence of dissolved cations.  In this case, mediation of the critical packing factor is cited209.  
Tazikawa et al. also observed calcium-ion-dependant changes in phase behaviour, however this 
was between differing packings of lamellar phase(s)260.  The combination of the results from 
Hirai et al.209 and Tazikawa et al.260 suggests that calcium ions both stabilise the lamellar phase of 
PI-4,5-P2 and reduce the energetic barriers to its formation.  Above the concentration required to 
effect the transition to the lamellar phase from normal micelles, a further increase in the ratio of 
calcium ions to lipid molecules increases the order in the lamellar phase and draws the lamellae 
closer together, thus reducing the d-spacing of the phase.  As the PI-4,5-P2 is partly ionised, the 
calcium ions have a screening effect on the charge of the inositol head group, effectively reducing 
the hydration of the head group such that  the lipids become less type I, becoming more like a 
type 0 lipid.   
The behaviour of PI in a saturated phosphatidylcholine model system with calcium ions 
have also been studied as a function of temperature265.  Like increasing the calcium ion  
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Scheme 30.  Approximate general principles of factors governing mean curvature.  Double headed arrows 
indicate reversible effects. 
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concentration, increasing the temperature in this system also has the effect of reducing the 
d-spacing of the phase.  This is ascribed to changes in the hydration of the mono-layers, which 
itself reduces the lateral pressure of the lipid molecules, bringing them closer together as repelling 
forces are reduced265.  The same effect is also possible under systems of reduced hydration266.  
The results reported by Hammond et al.265 further suggest that the interaction between this 
inositide and calcium ions has profound implications for biological systems.  Specifically, the 
permeability of the membrane towards calcium ions is reduced with increasing inositide lipid(s) 
concentration.  This serves to mediate the effect of calcium as a secondary messenger.  It has also 
been suggested that the permeability of biological membranes towards water is lipid 
composition204 and perhaps calcium ion180,225,265 dependant.  Where calcium is bound, water is 
less able to penetrate the bilayer267.  Micro-calorimetric experiments by Takizawa et al. that also 
examine the effects of changing pH in a model membrane system in the presence of calcium 
ions, support this hypothesis268. 
 
 
 (x) Conclusions 
 
Various effects influence lipid polymorphism, both from within the lipids under observation, 
and other influences.  Scheme 30 shows the broad trend among these factors.  Despite these 
trends, the diagram is not an exhaustive guide as some factors compete, and others when added 
together do not necessarily give a commensurately high response.  For example, the relationship 
between salt concentration and hydration observed in lipid systems is partly due to interactions 
between salts and water, and not only with the lipid head groups.  Additionally, order and 
disorder in the hydrocarbon fraction of lamellar phases may be drastically altered (crystal-to-
fluid) without any measurable change to the curvature of the flat surface that characterises this 
packing.   
What is also clear from the work to date in the literature is that relatively little is known 
about the phase behaviour of the inositide class of phospholipids, though interactions with ions 
have been studied in some depth.  Moreover, to date no systematic x-ray studies have been 
published of the phase behaviour of more highly phosphorylated inositides natural extracts or of 
synthetically prepared samples.  Although one x-ray study to date on phosphatidylinositol has 
looked in depth at the phase behaviour185, related studies on more phosphorylated inositide 
species have focussed on their interactions with ions201,209,223,231 or on the behaviour in lamellar 
phases either in binary or on mixed lipid systems226,261,263, including in computer generated 
systems249.  Additionally, there is only little comment about inositides producing curved  
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phases201.  With this in mind, an x-ray study of synthetically prepared lipids was embarked upon, 
starting with distearoylphosphatidylinositol (DSPIP, Chapter 11, page 301) in order to identify 
the phase(s) this type of lipid forms, in concert with one or more known lipid types.   
 
 
Samuel Furse - The Synthetic Preparation and Physical Behaviour of Phosphatidylinositol-4-Phosphates  127 
 
Chapter 4 – Introduction to Enzymology: PI-4-P and the effect on 
phosphatase activity  
 
The biophysical evidence presented in the previous chapter indicates that the composition, 
temperature and pressure of hydrated phospholipid systems influences their phase behaviour, 
with evidence that changes as a function of time (not least equilibration) also have an influence.  
Lipid composition, defined as the ratio of the lipids when two or more lipid types are present, is 
a feature that can vary significantly between mammalian tissues (Table 1, page 94), and changes to 
the lipid composition of cellular membranes is a feature of some metabolic disorders159,269.  In 
recent years, the effects of changes in both the presence of free fatty acids270,271 and fatty acid 
residues as constituents of phospholipid molecules in cellular membranes has been examined.  
The latter is not yet fully understood, and so the limits of its reach are not yet properly defined.  
However, as a cellular membrane is one of the physical features at the heart of our definition of 
the cell, having a unique contribution to its existence, factors that influence the behaviour of the 
individual lipds as well as the general behaviour of the membrane may have varied and far 
reaching consequences for biological systems.  As a significant body of work has been reported 
on the physical behaviour of lipids in vitro, studies that combine both physical and biological 
investigation may be geared to expose some of the effects changes in the fatty acid composition 
of lipids in lipid membranes may have. 
Some of the more general effects on single-celled organisms are reported by Greenway and 
Dyke272.  They present evidence that the presence of a higher proportion of unsaturated, and thus 
more fluid, fatty acid residues in bacterial membranes influences cellular growth by altering the 
permeability of the membrane272.  It appears that exposure of Staphylococcus aureus to linoleic acid 
(two non-conjugated unsaturated bonds) in the growth medium used for incubating this 
bacterium leads to a higher proportion of this unsaturated (and therefore the total of unsaturated) 
fatty acid residue in the membrane.  The fatty acid is incorporated, producing a more porous 
membrane and suppressing cellular replication.  This may be exploited in academic study in 
order to maintain but not allow a normal increase in the population of bacterial cells in a 
medium. 
Another example of differences in fatty acid composition affecting biological systems is 
evidenced from signalling pathways involving lipids, particularly inositide lipids.  PI3 kinase has 
evolved to phosphorylate PI-4,5-P2 to PI-3,4,5-P3.  However, the substrate that comprises the 
stearoyl-arachidonoyl glyceride is phosphorylated at significantly lower concentrations than the 
dipalmityl glyceride-containing analogue273.  Effects have also been observed in other lipid 
signalling pathways.  The density of membrane proteins involved in the PKA and PLC/PKC 
signalling pathways appears to be partially dependent upon the fatty acid composition of the  
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membrane274,275.  Sanchez-Bautista et al. report that vesicles comprising unsaturated glycerides 
(with dioleoyl [18:1, 18:1] and stearoyl-oleoyl [18:0,18:1] fatty acid residues) showed measurably 
higher affinity for the proteins than do those comprising glycerides of only saturated fatty acid 
residues (dipalmitoyl, [16:0, 16:0])275.  Similarly, fatty acid composition in some plant 
membranes has been observed to influence protein expression.  This system is sensitive to 
temperature, with expression of PLD, PLC and PLA2 being stimulated at lower temperatures, 
giving rise to a more fluid membrane under these conditions, and sustained for some time 
afterwards276.  Notably, this change is not the only one to affect the fluidity or the phospholipid 
character of the membrane, the proportion of lyso-lipids in the cellular membrane also increases 
dramatically.   
Lipid signalling molecules showing sensitivity to fatty acid composition has also been 
reported20.  Specifically, Schmid et al. report that the activity of the 5-O- phosphatases tested, is 
lower for samples of naturally-occuring PI-4,5-P2 than the same inositide comprising only 
saturated fatty acid residues.  This means that inositides phosphorylated at the Ins-5-OH that 
comprise unsaturated fatty acid residues may last longer than those with saturated fatty acid 
residues and thus increasing the possibility of termination by other processes, such as by lipase 
activity.  However, the difference in activity on targets with saturated versus unsaturated fatty 
acid residues is in contrast to the defective (OCRL) phosphatase tested20, which showed 
approximately three times as much activity with the natural rather than the dipalmitoyl 
(saturated) substrate.  The OCRL phosphatase is a mutated version of a human GAP-domain-
containing-inositol-phosphates (GIP) phosphatase that has impaired catalytic activity, leading to 
the symptoms of Lowe‘s Occulocerebrorenal Syndrome277.   
The principal difference between the substrates tested by Schmid et al. was the fatty acid 
residues of the inositides isolated from natural sources were a mixture of types.  Inositides 
extracted from natural sources invariably comprise a mixture of fatty acid residues.  The largest 
single type is inositides with a glyceride containing one stearoyl and one arachidonoyl residue.  
This type makes up around 40% of the total251,252,254.  By contrast, the synthetically-produced 
saturated analogues comprised only one type of fatty acid residue (palmitoyl, 16:0).  The clear 
differences between these two substrate types, and therefore the difference in activity, lies in a 
combination of (a) the number, (b) the placement of cis-unsaturated bonds in the fatty acid 
residues, and (c) the length of the chains.   
The effects of variation in the fatty acid composition can also have serious implications on 
the protein kinase B (PKB) signalling system in vivo as the lipid products of PI3 kinase PI-3,4,5-P3 
and PI-3,4-P2  can bind to the Pleckstrin-homologous (PH) domain of PKB.  This protein is 
involved in suppressing cell apoptosis278, insulin signal transduction278,279, apopotosis of adipose 
tissue279, and brain growth/development as tested in mice280.  Thus, small changes in the activity  
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at the start of this signalling pathway may reasonably have a more significant impact down-
stream.   
The variation in the behaviour of systems with differing fatty acid compositions raises the 
question not only as to why is occurs but also as to how far the effect of this phenomenon may 
reach.  Related physical effects include the length of the carbon chains as well as the number of 
unsaturated bonds therein.  This has been reported to have influence over protein behaviour, 
suggesting physical effects.  Maneri and Low found evidence that ion transport proteins are 
sensitive to the chain length of mono-unsaturated fatty acids located adjacent to their 
hydrophobic/membrane binding domain281.  Specifically, longer chain lengths supported 
proteins by suppressing temperature-mediated denaturation in a linear fashion, at least in the 
range of C14 to C24 fatty acid residues281.  Further evidence for a predominantly physical effect 
comes from the study by Sanchez-Bautista et al. on the incorporation of proteins into more and 
less saturated membranes in vesicles.  Biophysical calorimetry experiments in this study attribute 
this to the non-fluid (gel-like) behaviour of the saturated fatty acid residues at 25 °C.  However, 
this report does not comment on the measurable difference in the fluid-gel transition temperature 
between saturated C16 and C18 fatty acid residues.  When comprising the glyceride component 
of phosphatidylcholine, dipalmitoyl (C16) and distearoyl (C18) show a difference in fluid-gel 
transition temperature of around 13 °C, with dipalmitoyl melting at around 41∙3 °C145.  Given 
that it is also well-established that unsaturated fatty acid residues have a more fluid character 
than saturated ones—for example diseatoryl phosphatidylcholine has a gel-fluid transition 
temperature of 54∙5 °C where dioleoylphosphatidylcholine has this transition at -18∙3 °C—the 
observed difference in physical behaviour between dipalmitoyl [16:0] and stearoyl-oleoyl [18:0, 
18:1] or dioleoyl [18:1] are a combination of both unsaturated bonds and the differences in the 
length of the carbon chains.  These two effects are not separable under the conditions of this 
study. 
How much this differentiation between substrates affects the conclusions in other studies is 
not clear.  The focus in enzymatic studies such as that by Schmid et al. is reasonably directed 
towards the specificity in the glyceryl moiety (i.e. the region in which hydrolysis takes place) as 
much as to the fatty acid residues, however the fatty acid residues in the substrates studied by 
Schmid et al. and by Sanchez-Bautista et al. are not dissimilar.  Both employ the same saturated 
analogue though the unsaturated analgues in both cases comprise C18 chains.  This chain length 
is greater still in work by Holub et al. and Kinsella et al. as a significant proportion of inositide 
species comprise C20 tetra-unsaturated arachidonoyl residue in that work252,254.    
What is clearer is that in biological systems the fatty acid residues in membranes are 
generally chemically neutral on the timescale of these studies and so the variations in their 
structure examined in the studies discussed above do nor provide evidence for chemical  
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Fig. 25.  Current understanding of the procedure by which S. Enterica can bring about bacterial 
internalisation in the host (illium epithelial) cells.  Phosphatase SopB and GTPase SopE are transported 
into one of the host cells by a complex of Sip proteins that is formed outside the bacterial cell, from SipB, 
SipC, SipD.  These three proteins are produced from genes on the Salmonella Potency Island (SPI) on the 
typhimurium chromosome.  The resulting local changes in topology of the membrane lead to bacterial 
internalisation by the host cell. 
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differences—at least not within the scope of these studies.  With these reports showing the effects 
of fatty acid composition on a range of systems, many of which are reliant upon inositides, the 
potential for this effect in as yet uninvestigated systems cannot be ignored.  The reported changes 
to inositide intra-cellular signalling initiated by wild strains of Salmonella is one such system282.   
 
(i) Salmonella and the role of SopB 
 
Salmonella Enterica poses a particular danger to human health by virtue of its virulence.  
Symptoms include diarrhoea283 and most patients that die after contracting a Salmonella infection  
do so through the dehydration resulting from acute diarrhoea.  In work on the role of genes that 
encode secretory proteins of S. Enterica, Zhang et al. have reported that the diarrhoea elicited in 
bovine calves by this bacterium is due to a number of proteins acting in a concerted manner283.  
The enzymes are prefixed either ‗Sop‘, from ‗Salmonella outer proteins‘, and similarly ‗Sip’ from 
‗Salmonella inner proteins‘.  The mechanism of this bacterium‘s infection of the host cells has 
since been investigated and elucidated, and is shown in Fig. 25.   
The Typhimurium chromosome is responsible for producing all of the proteins in this 
process.  One localised area comprises the genes required to produce the Sip complex.  These 
proteins are produced independently, are transported to the extra cellular medium by a protein 
secretion system after which they are believed to assemble into the ‗Sip complex‘.  This complex 
of proteins invokes the transport of the inositide phosphatase SopB282 and the GTPase SopE284,285.  
A bacteriophage, referred to as SopEΦ, is transmitted in small quantities with the SopE and SopB 
and is known to code for the GTPase SopE2.  The gene for SopB is known to be particularly 
widespread amongst Salmonella strains286.  The SopB protein was isolated some time ago though 
its kinetics are not yet known287.  Studies into several sub-species of Salmonella282,288,289 over the 
last few decades have cited the activity of members of this group of enzymes as responsible for 
the particular virulence across the species of Salmonella bacteria.  This group of enzymes has a 
protagonist in SopB, an inositide phosphatase22,282.   
The over-all effect of the presence of the SopB and SopE enzymes is that the topology of the 
membrane of the host cell is altered, creating so-called membrane ruffles290,291.  Ruffles are 
defined as motile protrusions in the cellular membrane that containing a meshwork of newly 
polymerised actin filaments.  The mechanical basis for these changes has its roots in changes to 
the lipids in the membrane (SopB), and the structure of the cytoskeleton (SopE and SopE2).  
However, the changes initiated by these proteins are attained through alterations in the 
transduction in signalling cascades.  This leads to a greater proportion of inositides with fewer 
phosphate mono-esters292, as well as greater lipase activity with the release of IP4 by hydrolytic 
activity on PI-3,4,5-P3
293.  Additionally, the release of IP4 encourages the release of chloride ions,  
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Graph 1.  Substrate study completed in the Woscholski group on SopB with various inositide moieties22.  
Conditions: 4 mM Mg++, 0∙25% OGPS (final concentration, none present for inositol phosphates), 50 µM 
[S], conducted for 30 min at room temperature.   
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thus opposing the ion transport deficiencies consistent with cystic fibrosis294-296.  The combined 
effect to produce ruffles lowers the thermodynamic barrier to invasion of the bacterial cell into 
the host cell.  Thus the invasive process takes only a few minutes of incubation of the appropriate 
mixture of cells297.   
Further mechanisms operated by proteins produced by the SPI1 appear to have both 
stimulating298 and inhibitory299 effects on the hosts‘ inflammatory response caused by bacterial 
invasion.  This apparent paradox is however part of the sophisticated mechanism by which the 
bacterium is able to extract nutrients it requires for proliferation (stimulation of 
immune/inflammatory response) with remaining in the host cells and having time in which to 
proliferate before migrating to fresh hosts (inhibition of the immune response).  Inhibition is 
mediated by the AvrA protein which stabilises the tight junctions between cells299.  The 
stimulation reported by Bruno et al. appears to be more complicated298.  First, earlier work on the 
roles of SopB as a catalyst for inositide phosphate mono-ester hydrolysis and of SopE and SopE2 
as guanidyl nucleotide exchange factors is confirmed.  Second, that the invasion of host cells by 
Salmonella with the typhimurium chromosome leads to significant transcriptional re-
programming.  This includes many-fold increases in transcription of pro-inflammatory proteins, 
including enzymes such as cyclo-oxygenase 2 which can however be inhibited by non-steroidal 
anti-inflammatory drugs.   
The Salmonella bacterium is known to secrete a protein (SptP), using the excretory system, 
that actively engages in re-establishing the host cells‘ normal structure, vis. repair of the ruffles.  
This is presumably to remove the weakness the ruffles afford, preventing other cells or virons 
entering by a similar route and thus providing a clear evolutionary advantage for the Salmonella 
bacterium.  On a longer time scale (hours) is the SopB-related production of nitric oxide, which 
leads to smooth muscle relaxation and an vasodilatation300.  This has further advantages for the 
bacterium in that muscle relaxation restricts the host‘s ability to eject the un-invaded bacterial 
cells from the gastrointestinal tract, and to provide a richer source of nutrition in the form of an 
increased blood supply, respectively.  It has recently been reported that these effects are a 
combination of the longer-term efficacy of SopB and the effects of the Salmonella Pathogenicity 
Island-2 (SPI-2) genes.   
Unpublished evidence form work carried out in the Woscholski laboratory suggests that the 
enteropathenogenic enzyme SopB is capable of phosphatase activity on a range of inositide lipids, 
with particular activity on PI-4,5-P2 targets though both naturally-occurring and saturated 
isoforms of PI-4-P also show statistically significant activity22 (Graph 1).  This evidence indicates 
a broader specificity of SopB activity than that currently reported; published evidence has 
focussed on and shows compelling evidence for SopB‘s phosphatase activity on PI-3-Ps282.  In 
order to better understand this enzyme‘s activity, and thus perhaps to understand its more subtle  
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role in the mode of action of Salmonella, the kinetic parameters of the enzyme with known 
substrates must be established.   
Additionally, the possible physical impact of the presence of inositides with a various of 
fatty acid residues in the membrane discussed above cannot be ignored; the focus of the study by 
Schmid et al. suggests effects of both the fatty acids and the head groups, lending credence to the 
suggestion they made of the physical presence of the lipids being able to influence the enzyme‘s 
activity.  The fatty acid composition of inositides has been investigated in some depth, with 
Holub et al. reporting that at 80% of the fatty acid residues found in inositide mono-phosphates 
are of only three types, arachidonoyl (20:4, total of 33∙8%), oleoyl (18:1, total of 10∙0%), and 
stearoyl (18:0,  total of 37∙7%)252.  Research on the biophysical behaviour of the hydrocarbon 
fraction of lipid systems (Chapter 3, Section (viii), page 111) suggests that the biophysical properties 
of saturated and unsaturated fatty acid residues differ considerably, with the more unsaturated 
fatty acid residues having greater fluidity when compared to saturated fatty acid residues at the 
same temperature.   
Thus, in order to understand the effect of the unsaturation in the fatty acid residues, 
synthetically pure samples were required.  Assays of pure and synthetically prepared samples of 
lipids allow differences in physical behaviour and enzyme activity to be quantified and attributed 
directly to the differences in the structure of the lipid molecules.  If carried out on a range of 
related substrates, a kinetic and substrate specificity profile can be determined.  Undoubtedly this 
would give further clues as to SopB‘s role in vivo, by indicating the range of substrate specificity, 
and therefore in the case of inositides suggest the more of the reach of the changes to the 
signalling and effects on membrane topology that occurs in the membrane when one inositide is 
produced from another by this phosphatase.  This understanding can also feed in to the strategy 
of combating  Salmonella, a disease that is responsible for killing around two millions of people 
each year301,302.   
 
 
(ii) PI-4-Ps 
 
Phosphatidylinositol-4-phosphates (PI-4-Ps) form an important part of the normal inositide 
signalling cascade as they are an intermediate for the production of all more highly 
phosphorylated inositides that comprise a phosphate group at the 4-O-, predominantly 
PI-4,5-P2
303,304.  Additionally, PI-4-P is one of the three predominant inositide lipids in cells248, the 
others being PI and PI-4,5-P2.  This inositide trinity makes up around 90% of the inositide 
population in mammalian cells248.  Typically, PI-4-Ps are located in the Golgi apparatus, though 
research in the last decade has brought to light pools of this inositide in other sub-cellular regions  
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Scheme 31.  Inter-conversions of 4-O- phosphate-containing inositides involving kinase (subscript ‘1’) and 
phosphatase (subscript ‘2’) enzymes.  Blue crosses indicate conversions for which there is not yet evidence.  
Dotted arrows indicate conversions that do not involve the 4-O- phosphate.  Examples of enzymes that 
catalyse the reactions marked: a1: type II and III PI4Ks; a2: synaptojanins I and II; b1:unknown; 
b2: INPP4s; c1: PIPKα/β/γ; c2: synaptojanins 1 and 2, and TMEM55s; d1/2: unknown; e1: PIPK II; e2: 
TMEM55s.  
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as well as some noteworthy roles that PI-4-Ps play, described below.   
Current understanding of the roles of PI-4-Ps can be divided into two types.  One type 
covers the role of PI-4-Ps as a protagonist in some lipid transfer mechanisms.  A striking example 
of this influence on lipid transfer mechanisms concerns the production of sphingomyelin.  
Phosphatidylcholine is used as a source of the choline head group, the latter being transferred to 
ceramide by an enzyme called sphingomyelin synthase 1 (SGMS1).  The ceramide moiety is then 
transferred by an enzyme called CERT that binds to PI-4-P in the Golgi apparatus‘ membrane305.  
The release of the diacyl glycerol from the hydrolysis of phosphatidylcholine allows PKD to be 
recruited to the Golgi membrane305,306.  This enzyme is able to phosphorylate CERT at serine132 
which heavily restricts its ability to bind to PI-4-P in vivo306.  Thus the diacyl glycerol that emerges 
from the production of sphingomyelin provides negative feedback, reducing the production of 
this lipid.  The recruitment of PKD to the Golgi membrane by the diacyl glycerol produced in 
sphingomyelin production also influences up-stream production of PI-4-P as it activates 
PI4KIIIβ, the enzyme responsible for phosphorylating PI to give PI-4-P307.   
The second type is the role of PI-4-P as regulator of the formation of protein complexes.  
The earliest example of the latter was reported by Wang et al. and describes the regulation of 
PI-4-P of an adaptor protein (AP-1) that in turn promotes formation of clatharin (protein) 
complexes303.  This is important as it is the vehicle used for trans-Golgi network (tGN)-to-
endosome trafficking.   
Despite this range of effects, the chemical inter-conversions to give and to build on PI-4-Ps 
are not exhaustive (Scheme 31).  For example, no enzymes have yet been found that can 
phosphorylate or hydrolyse at the 4-O- position to give PI-3,4,5-P3 or PI-3,5-P2, respectively.  
This is perhaps explicable in that the 4-OH is awkwardly placed sterically, in between 
phosphorylated vicinal hydroxyls.  Moreover, phosphorylation at the 4-O- in PI-3,5-P2 is 
hampered thermodynamically by the hydrogen bonding interaction between the 4-OH and the 
neighbouring (vicinal) phosphates201 (for a more comprehensive discussion of this aspect of head 
group behaviour, in relation to changes in pH, see biophysics introduction Section (v), starting page 
101).   
Perhaps more surprisingly, at the time of writing there is not yet evidence for the presence in 
any species of a phosphatase that can hydrolyse PI-3,4-P2 to give PI-4-P.  There is no such 
thermodynamic barrier for this conversion as for those involving PI-3,4,5-P3 and PI-3,5-P2.  This 
relative thermodynamic ease is also demonstrated by the well-documented conversions between 
PI-4,5-P2 and PI-4-P in terms of both phosphatase
308 and kinase309 activity; conversions that are 
very similar chemically to those between PI-3,4-P2 and PI-4-P.  This suggests that either other 
methods of removing/producing PI-3,4-P are exceptionally efficient, and thus there is no 
evolutionary advantage in any other, or that the PI-3,4-P signal is one that does not require  
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control on the same time scale as its peers.  Also relevant may be the fact that that no kinases 
have been found that can release PI-3,4-P2 from PI-3-P , or dispose of it by phosphorylating to 
give PI-3,4,5-P3.   No direct signalling role for PI-4-P has yet been found, however, it is widely 
reported that this inositide is found principally in the Golgi apparatus where it has a vesicle 
trafficking function.  This is deduced by the ability of PI-4-P to bind to AP-1 protein complexes 
and recruit them to the membrane in question303.   
 
 
 (iii)  Conclusions 
 
In conclusion, there is evidence that not only the number (and possibly the position) of the 
olefin bonds can have a measurable impact on the biological activity in a variety of systems.  The 
conformation of many of the activities suggests that these effects are primarily physical.  
Principally, several of the proteins involved (e.g. SopB and CERT) are not membrane-bound and 
thus the interaction observed is based upon an energetic favourability with respect to the shape of 
the dissolved protein and the shape of its site of action (the substrate, where this is membrane 
bound.  Thus the difference observed are effected at ‗arms length‘ from the inositide and protein 
components. 
Despite this evidence, to date there are no reviews of this phenomenon and no studies 
focussing on the possible physical effects of inositides on biological systems.  In order to mount 
such a study, inositide(s) of synthetic purity with a well-defined glyceride character are required.  
The synthesis of PI-4-Ps in this context is described in Part II (below).  Additionally, a relevant 
and well-understood biological system is required such that the effects attributable to the 
inositides can be attributed accurately, e.g. the action of the Salmonella bacterium.   
The enzymological study discussed below (Chapter 13, page 379) focuses on these questions, 
using micelles as the vehicle for presenting the inositide substrate to the hydrolysing enzyme.  
Further methods such as vesicles provide a step beyond that researched here. 
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Part II – Synthetic Preparation of 
Phosphatidylinositol-4-phosphates 
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Scheme 32.  Above:  An investigation into the regio-reactivity of the hydroxyls in 47, showing an entirely 
regio-selective reaction (i, to give 137), and one in which no there is no regio-selectivity (ii, to give mixture of 
138 and 139).  Reagents and conditions: (i) P(OCH2CH2CN)3, HBr.Br2∙py, methylene chloride/py (9:1), 
-35 °C, 3 h, 75%; (ii-viii) [see table].  Below: regio-selective elaboration of diol 47, conditions of which are 
detailed in Table 2.  R = TBS, TBDPS, Px. 
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R Conditions Yield 1-O- derivative 
(viz. 140) 
Ratio 4-O- derivative 
(viz. 141) 
Ratio 
     
Px 
(ii) Px-Cl (1∙1 eq.), py, 
25 °C, 36 h.  
80% 
138 
1 
139 
1 
(iii) n-butyl lithium, then 
Px-Cl, THF, 0 °C, 4 h. 
Var. ≤ 50 1 
TBS 
(iv) TBS-Cl, imidazole, 
CH2Cl2/py (9:1), 0 °C, 
16 h. 
70% 
142 
7 
143 
1 
(v) TBS-Cl, imidazole, 
DMF, 0 °C, 16 h.  
50% 1 3 
(vi) TBS-Cl, imidazole, 
DMF, 25 °C, 16 h.  
70% 1 5 
TBDPS 
(vii) TBDPS-Cl, imidazole, 
DMF, 0 °C, 16 h. 
75% 
144 
5 
145 
1 
(viii) TBDPS-Cl, 
imidazole, CH2Cl2/py 
(9:1), 0 °C, 16 h. 
61% 25 1 
 
Table 2.  Reagents and conditions: Steps (ii)-(viii).  Yield refers to all mono-substituted products. 
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Chapter 5 – The Regiochemistry of  Elaborated myo-Inositol 
Towards the Preparation of  Inositol Head Groups for 
PI-4-P Lipids 
 
This chapter discusses an investigation into the regio-chemistry of diol 47.  This research 
was bourne of a desire to improve upon the regio-selective phosphorylation used in previous 
work86 (Scheme 32, step (i)) and to inform possible resolution strategies.  If a suitable protecting 
group could be installed onto the 4-OH in diol 47 a non-selective and thus more efficient 
phosphorylation step could be used.  myo-Inositol 4 provides a complicated protecting group case 
study as it has six vicinal secondary hydroxyls, each of which may react to give the 
same equivalent derivative.  Despite this, the conformation of the molecule leads to sufficient 
differences in reactivity to permit differentiation between them.   
The vicinal hydroxyls in myo-inositol are either (a) the cis- conformation (for the 2-OH), (b) 
trans- (e.g. 6-OH), or (c) one of each (e.g. 1-OH, as shown in (Fig. 6, page 44).  Exploitation of the 
different reactivities of the hydroxyls in myo-inositol enabled Gaffney et al.61 to produce 
enantiomerically pure PI-3,4,5-P3, and others
54,86,87,97,99 to produce derivatives using (2,3)-(5,6)-
dicyclohexylidene-myo-inositol, 47.  The latter is a crucial building block in the preparation of 
PI-4-Ps in this project.  Previous work on this type of inositide target86,87 has shown that it is 
possible to install a phosphate tri-ester moiety regioselectively on the 1-O- (Scheme 32), a 
comparative improvement on the literature precedent for phosphorylating diol 47 regioselectively 
(Scheme 24, page 76).  Although the selective reaction shown in Scheme 32 produces the desired 
product with reasonable yield and regio-selectivity, it can never have the same efficiency as a 
reaction that does not need to be regio-selective.  Protecting the 4-OH would leave the 1-OH open 
for a non-selective phosphorylation under forcing conditions.  This gives us entry into bis-acetal 
inositol 137 once the 4-O- protecting group had been removed.  In this derivative, any protecting 
group on the 4-OH would not only have to be installed regioselectively but be orthogonal to the 
acid-labile acetals, the phosphate tri-ester and cyanoethyl groups.  This strategy has added value 
if diol 47 has been resolved and is thus more valuable, as the phosphorylation reaction could be 
carried out more efficiently.  A more efficient strategy may be to elaborate 47 regioselectively as 
early as possible, not least because the regioselectivity of reactions on latter intermediates is less 
clear from NMR spectroscopy data, particularly for intermediates to which the glyceride moiety 
is appended.  Additionally, building blocks requiring more reactions to prepare are more costly, 
the most striking example of this being chiral resolution (Chapter 6).  In the light of these 
synthetic requirements, an investigation of the regio-chemistry of diol 47 was undertaken.  
Possible strategic approaches to manipulate diol 47 in this way are therefore as follows (and  
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Scheme 33.  Strategic approaches to isolating enantiomerically pure 47 and 137. R* = chiral auxiliary, 
R(*) = auxiliary or alkyl group; either one of the R groups in 146 is a chiral auxiliary, with the other an 
achiral protecting group.   
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Scheme 34.  Further regio-selection and deprotection.  Reagents and conditions: (i) 9-chlorophenylxanthene, 
pyridine, 36 h, quant.  
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Fig. 26.  Conformation of diol 47, with the inositol carbon numbering shown.  Although 145 is a product, 
the 1-OH in 47 is set up exquisitely for five-membered interaction via the 2-O- shown.  Silyl inositol 144 is 
therefore the major product.   
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Scheme 33). 
 
 Regiospecific protection of one of the 1-O- or 4-O- hydroxyls, then appending a chiral 
auxiliary to the other (to give 146), followed by enantiomeric resolution by crystallisation or 
chromatography.  Regio-selective elaboration can then take place as required; 
 Appending a chiral auxiliary, such as the menthoxyacetyl or camphanyl groups, to both 
hydroxyls (to give 147), followed by separation of enantiomers.  Regio-selective elaboration 
can take place once chiral auxiliaries have been removed.  The resolution part of this  
strategy has been reported99.  It is expected that previous regio-selective elaborations 
(phosphorylation86,87) will be no less efficient on enantiomerically resolved 47. 
 
As neither of these methods has been rigorously tested with diol 47 or related inositol 
derivatives, routes to both have been examined in this study.  In order to invite a more efficient 
sequence of reactions employing intermediates that are straightforward to protect, only 
established protecting groups have been tested.  The reported crystal structure120 and previous 
work on diol 47 (Scheme 24) suggest that the 1-OH is expected to be more nucleophilic by virtue 
of hydrogen bonding to the syn-oxygen of the protected 2-O (Fig. 26), a factor that was used to 
inform optimisation of reactions and analysis of results.   
Silylations of diol 47 to give bis-acetal silyl inositols 142 and 143 (Scheme 35), 144 and 145 
(Scheme 34) afforded different ratia of regio-isomers according to the silyl groups‘ steric bulk, and 
the temperature and solvent used in the reaction.  Regioselectivity is improved most by 
optimisations in both temperature and solvent conditions however none gives perfect selectivity.  
It appears that the lower reactivity of N-methyl imidazole-activated silyl groups at lower 
temperatures in methylene chloride/pyridine (10 : ≥1) were closest to giving exact 
regioselectivity, with up to 7:1 for silylation of the 1-OH with the TBS group and up to 25:1 with 
the TBDPS group (bis-acetal silyl inositols 142 [Scheme 35], and 144 [Scheme 34] respectively, see 
Table 2 and Scheme 32).  The lower ratio of regio-isomers given when the same reaction is carried 
out in dimethylformamide is ascribed to this solvent‘s theoretical ability to disrupt the internal 
hydrogen bond between the 1-OH  and 2-OR oxygen (Fig. 26).  The difference in ratio of isomers 
between TBS and TBDPS in both solvent systems can be attributed to the increased steric bulk of 
the TBDPS group over the TBS.   
The fact that only 145 in a mixture of bis-acetal silyl inositols 144 and 145 was alkylated 
with 9-chlorophenylxanthene (pixyl chloride, Px-Cl) under certain conditions, even when 145 
was present in a particular minority, was considered of possible use in the current preparation 
(Scheme 34).  This allows a sample of bis-acetal 1-O-silyl inositol 144 to be useful, even when it is 
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Scheme 35.  Non-selective phosphorylation followed by undesired dephosphorylation and desilylation.  
Reagents and conditions (i) 3:1 mixture of 142 and 143, P(OR)2Cl, N-methyl imidazole, methylene 
chloride, py,16 h, then tert-butyl hydroxide, 24 h, 80%; (ii) TBAF, tetrahydrofuran, quant. 
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Scheme 36.  Preparation of 4-O-phosphoryl bis-acetal inositol 153.  Reagents and conditions (i) TBAF, 
THF, 16 h, 90%, (ii) P(OR)2Cl, N-methyl imidazole, methylene chloride, py,16 h, then tert-butyl hydroxide, 
24 h, 80%; (iii) dichloroacetic acid, methylene chloride, pyrrole, 2 min, 95%. 
 
 
O
O O
O
O OH
PO O
O
NC
CN
(i)
O
O O
O
O O
PO O
O
NC
CN
P
O
O
O
CN
OR
O
O
O
R
 
153 154 
 
Scheme 37.  Preparation of racemic PI-4-Ps, an investigated alternative to previous attempts86.  Reagents and 
conditions: (i) [glyceride]-P(OCH2CH2CN)O
-.NH+(CH2CH3)3, MSNT, py, methylene chloride, [no 
reaction], R = septadecanyl. 
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contaminated with the 4-O-silyl isomer 145 as these regio-isomers can be separated cleanly.  This 
selectivity is ascribed to the 2-O- increasing the nucleophilicity of the 1-O- (Fig. 26).  Moreover, if 
it were possible to resolve enantiomers at this stage, the regio-chemical elaboration could 
continue in an efficient manner.  Additionally, this isomeric selectivity allows entry to the 
4-O-phosphoryl equivalent of 1-O-phosphoryl bis-acetal 137 (Scheme 33).   
However, an attempt to produce 1-O-phosphorylated bis-acetal inositol 137 or 
4-O-phosphorylated bis-acetal inositol 152 from phosphorylating a mixture of silylated bis-acetal 
inositols (142 and 143, ~2:1) to give a mixture of 149 and 150 ultimately resulted in the 
formation of diol 47, Scheme 35), rather than the intended product (153, later produced by the 
route shown in Scheme 36), or of 1-O-phosphate 137.  This is ascribed to the desilylation 
conditions chose, TBAF in tetrahydrofuran.  Despite this unexpected result, exposure of 
phosphoryl bis-acetal inositol 137 to TBAF did not result in formation of 47.  Further work on 
this question might include exposure of the bis-phosphoryl analogue of 47 (113, page 76, R1 = R2 
= cyanoethyl) to TBAF as this would highlight the difference in reactivity (if any) between the 
relevant phosphate tri-esters at these positions.   
As other methods for desilylating are not compatible with the other functional groups 
present in 144, this route is unusable in this preparative scheme.  It is also clear that TBAF 
deprotection is not compatible with phosphate tri-esters (e.g. bis-acetal phosphoryl inositol 137) as 
the phosphorylated derivative of silyl phosphoryl bis-acetal inositol 143 was desilylated but not 
purely due to the presence of TBAF.  This contrasts with exposure of 137 to TBAF, in which no 
reaction was observed (7 days), suggesting that the dephosphorylation occurs as a result of or 
during the desilylation and not directly as a result of the presence of TBAF.   
The selectivity of the pixylating step that can allow 144 to be isolated readily by flash 
chromatography (step (i), Scheme 34) is ascribed to the conformations of the bis-acetal silyl 
inositols 144 and 145 and provides further evidence for the important part the 2-O- plays in 
mediating the nucleophilicity of the 1-OH (Fig. 26).  There is a marginal difference between the 
spatial reach of the hydroxyls in diol 47120, which becomes pronounced in the reactivity of bis-
acetal silyl inositols 144 and 145, more so than the reaction that prepares them from diol 47, 
suggesting that there may also be some conformational effect from the silyl ethers.  The 
remaining free hydroxyl in 145 is set up very well to form a five-membered ring (1-O to 1-OH to 
2-O to 2-C to 1-C, shown in red in Fig. 26) with an hydrogen bond between 1-OH and 2-O.  This 
contrasts with the free hydroxyl in 144 which, far from being sterically hindered, is openly 
exposed.  Evidently the enhindered hydroxyl is insufficiently reactive to take part in alkylation 
under mildly basic conditions, even when an excess of the alkylating agent and base is used.   
 
150           Samuel Furse - The Synthetic Preparation and Physical Behaviour of Phosphatidylinositol-4-Phosphates 
 
RO P
O
O
O
CN
CN
Triethylamine, 
36h
RO P
O
O
O-
CN
NH+
 
E.g. 137  
 
Scheme 38.  Treatment of dicyanoethylphosphate tri-ester with 
triethylamine removes one of the cyanoethyl groups, exposing 
the oxygen, thus allowing condensation reactions to take place. 
 
 
 
 
 
O
HO O
O
O OTBDPS
(i)
O
O O
O
O OTBDPS
O
O
(ii)
O
O O
O
O OH
(iii)
Lev
O
OO
O
OO
P
O
O
O
NC
CNLev
 
144 155 156 157 
 
Scheme 39. Installation of levulinoyl group and elaboration to give 157 (i) LevOH, THF, DCC, DMAP, 
16 h, 80%; (ii) TBAF, THF, 36 h, 90%; (iii) P(OR)2Cl, N-methyl imidazole, methylene chloride, py,16 h, 
then tert-butyl hydroxide, 24 h, 80%; 
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Incorporating this alkylation step (Scheme 34, page 150) removes the need for concurrent silyl 
protecting groups and phosphate tri-esters and so a use for the minor product of the silylation in 
Scheme 34 may be found, and an entry into the 4-O-phosphoryl bis-acetal inositol not produced in 
Scheme 35 may still be possible.  Scheme 36  shows this progression.  The pixyl group in 148 masks 
the reactive 1-OH, and is orthogonal to the silyl group and thus desilylation with TBAF (step (i)) 
proceeds efficiently.  This allows the more forcing phosphorylation reaction used previously 
(Scheme 35) to install a phosphate tri-ester in the 4-O- position in good yield.  Despite the acid-
sensitive nature of the acetals in 152, short exposure to strong acid is sufficient to deprotect the 
pixyl group (Px) and release bis-acetal phosphoryl inositol 153.   
Reproducible preparation of bis-acetal levulinoyl inositol 156 gave practical scope for a 
modification to the previous scheme86 such that a non-regio-selective phosphorylation could then 
take place to prepare 137.  Scheme 36 shows the revised steps up to precursor 137.  First, regio-
pure bis-acetal pixyl inositol 151 is prepared, either from diol 47 directly or by desilylating 148.  
This allows non-regioselective phosphorylating conditions to be used to install a phosphate tri-
ester on the 4-O- to give fully-substituted inositol derivative 152.  Once again, despite the acid-
sensitive nature of the acetals in 152, short exposure to strong acid is sufficient to remove the 
pixyl group (Px) and release bis-acetal phosphoryl inositol 153.  In a departure from the original 
strategy86, the preparation described in Scheme 37 relies on the phosphorylated glyceride being 
coupled to the penta-substituted inositol component 153.  In order to test the reaction in Scheme 
37, a simple diacyl glycerol was phosphorylated, treated with triethylamine (as in Scheme 38), 
then combined with 153 and the condensing agent MSNT29.  None of the bis-acetal phosphoryl 
phosphatidyl inositol 154 (desired product) was isolated though all of penta-substituted inositol 
153 was recovered unsulfonylated.  The absence of the desired reaction is ascribed to the 
secondary hydroxyl in penta-substituted inositol 153 being too sterically hindered.   
When the reaction is inverted, i.e. the primary hydroxyl in diacyl glycerol reacting with the 
triethylamine salt of bis-acetal phosphoryl inositol 137, the reaction proceeds readily86.  One 
possible solution to this would be to use the phosphate di-ester coupling that was developed for 
routes to DNA molecules310-313 however the profit in using the method outlined above (Scheme 34, 
Scheme 35, Scheme 36) is lost as too many additional steps are required to prepare bis-acetal 
phosphoryl inositol 153 in order to use a non-regio-selective phosphorylation efficiently.   
In order to make productive and efficient use of a non-regio-selective phosphorylation at the 
1-OH, the same position as the TBDPS group in bis-acetal silyl inositol 144, a protecting group 
that can be removed under orthogonal conditions to the TBDPS is required to protect the 4-OH.  
Alkylation with a pixyl group is clearly unrealistic in this case and so other types of linkages were 
sought.  The levulinoyl protecting group61 is attached via an ester group and can be removed 
using hydrazine without damaging the acid-sensitive acetals in the inositol hydroxyls or the base-  
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sensitive cyanoethyls of the phosphate tri-ester, and so was readily incorporated into the strategy, 
to give the result outlined in Scheme 39.  The levulinoyl group was successfully installed on the 
4-OH of bis-acetal silyl inositol 144 to give 155, which was then exposed to tetrabutylammonium 
fluoride, (TBAF), to give bis-acetal levulinoyl inositol 156.  Desilylation in step (iii) was 
straightforward, despite the steric hindrance of this large silyl group on a hindered secondary 
hydroxyl, and there was no evidence for basic hydrolysis of the ester or interference with the 
ketone.  De-silylation of fully-substituted inositol 156 was afforded in good yield (90%).  Non-
regio-selective phosphorylation then followed to give 157.   
Although it was possible to isolate these building blocks in good yield, the additional steps 
required in this synthesis in order to use a non-regio-selective phosphorylation again negated the 
potential benefits brought about by the regioselectivity.  In terms of yields alone, the one step 
phosphorylation affords up to 80% (137), where the several steps would result in 25/26 x 0∙61 x 
0∙8 x 0∙9 x 0∙8 = 34%.  This accounts for the 25:1 ratio of regioisomers in the first step, and the 
yields from each.  No yield for delevulionylation of this intermediate can be factored in here, 
however even for a quantitative yield the return from these several steps is around half that of the 
single step. 
Although regio-selective silylations of diol 47 provide a theoretically useful method for 
distinguishing between the 1-O- and 4-O- hydroxyls and thus prepare bis-acetal phosphoryl 
inositol 137 (Table 2, page 144), in order for this strategy to become more efficient than previous 
attempts, it must be possible to (a) pixylate 47 regioselectively at the 1-OH, and (b) depixylate in 
the presence of the dicyanoethylphosphate moiety.  In the presence of pyridine alone a nearly-
even mixture of the two possible regio-isomers 138 and 139 is formed (Table 2, page 144).  Use of 
n-butyllithium to deprotonate the 1-OH of 47 can give 151, which has in turn been 
phosphorylated (step (ii), Scheme 36) and then depixylated in fair yield to give 4-O-phosphoryl bis-
acetal inositol 153.  Data on 153 gives no indication that the acetals have migrated, or evidence 
for their removal, despite similar problems noted elsewhere62.  Unfortunately preparing 1-O-pixyl 
bis-acetal inositol 151 from diol 47 is not consistent in terms of yield or ratio of regio-isomers and 
although the protecting group chemistry to convert 1-O-pixyl bis-acetal inositol 151 into both 
4-O-phosphoryl bis-acetal inositol 153 and 4-O-levulinoyl bis-acetal inositol 156 is orthogonal, 
neither route can be made as efficient as the preparation of 1-O-phosphoryl bis-acetal inositol 137 
through regio-selective phosphorylation, thus neither alternative route is more practical than the 
original preparation, neither was carried forward.   
In conclusion, there is a clear difference in reactivity between the 1-O- and 4-O-, as judged by 
the elaborations made to it in this study.  This difference in reactivity cannot simply be ascribed 
to the OH group itself as they are indistinguishable.  The crystal structure informs our 
understanding of the conformation of the bis-acetal 47, that suggests that the 4-O- is openly  
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exposed to electrophiles.  Thus, the 1-O- must have something that increases its nucleophilicity in 
order to behave in the more reactive way observed.  The proximity of the cis-oxygen at the 2-O- is 
rationalised as the differentiating factor between the 1-O- and 4-O-.  This is shown schematically 
in Fig. 26.  It is clear that although there are some exploitable differences between the 1-OH and 
4-OH in diol 47, both with silylation and pixylation, none shows the near-perfect regio- chemistry 
observed in the regio-selective phosphorylation that produces 1-O-phosphoryl bis-acetal inositol 
137.  Derivatives of diol 47 can be further elaborated into potentially useful intermediates (e.g. 
4-O-phosphoryl bis-acetal inositol 153 and 4-O-levulinoyl bis-acetal inositol 156) though it is not 
possible to make use of intermediates that lead to 4-O-phosphoryl bis-acetal inositol 153 to the 
finished lipid with currently-available coupling techniques.  Additionally, literature precedent 
suggests that single chiral auxiliaries on inositol compounds are not sufficient to effect practical 
resolution29,34,40,56 and so this step cannot be worked into a scheme involving regioselective 
elaboration of diol 47.  Thus, the original scheme was reconsidered, with appropriate 
modifications, including bis-chiral-auxiliary-mediated resolution that could isolate a single 
enantio-pure isomer of diol 47 efficiently.   
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Scheme 40.  Resolution strategy for diol 47.  Steps: (i) The chiral auxiliary R* is appended to diol 47, 
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Scheme 41.  Preparation of 1,4-O-di(S-acetylmandelyl)-(2,3)(5,6)-dicyclohexylidene-myo-inositol 108.  
Although the diastereoisomer 3,6-O-di(S-acetylmandelyl)-(1,2)(4,5)-dicyclohexylidene-myo-inositol of 108 is 
laeverotatary, this stereo-isomer is 161, shown below.  Various conditions, using 67 (X = OH) or 68 (X = 
Cl) are used, though always with at least two equivalents of the chiral auxiliary. 
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Fig. 27.  Structure of the diastereoisomer product 
(alongside 108) that results from acylating a 
sample of racemic 47 without epimerisation. 
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Fig. 28.  Diol 47, Bis-acylated with the menthoxy 
acetic acid (66) auxiliary.   
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Chapter 6 – Resolution of  an Elaborated myo-Inositol 
Intermediate and Preparation of  a Head Group 
Precursor for Unsaturated PI-4-P Targets 
 
As the research noted above was unable to produce a scheme whereby a non-regio-selective 
phosphorylation could be used, the original regio-selective phosphorylation to give 
1-O-phosphoryl bis-acetal inositol 137 was used.  However, in order to produce a naturally-
occuring isomer alone, a resolution of diol 47 was requireed.  Although isolation of enantiomers 
of elaborated versions of diol 47 with single chiral auxiliaries appended is reported29,34,40,56 along 
with other methods54,76, only HPLC is sufficiently powerful to effect separation in those cases.  
One report, from Desai et al. gives rise to isomers that are separable by flash chromatography.  
However this is only on a related inositol building block and requires too many additional steps 
to be practical in this project50.  As the preparation undertaken in this project must be geared 
towards producing enough material to carry through to a number of enantio-pure lipid targets, a 
crystallisation technique for separating diastereoisomers was desirable.  Appending two chiral 
auxiliaries may be expected sharper contrast between diastereoisomers, thus making separation 
by crystallisation more readily achievable.  Appending two auxiliaries under non-selective 
conditions is also normally straightforward to effect and is efficient.   
With the above practicalities in mind, the strategy shown in Scheme 40 was used: diol 47 is 
reacted with at least two equivalents of the chiral auxiliary to give diastereoisomers 158 (step (i)), 
the diastereoisomers separated, preferably by crystallisation (step (ii)), before the auxiliaries are 
removed (step (iii)).   
However, in order to resolve bis-acyl-bis-acetal inositol 158, a different set of problems to 
those encountered in the case of regio-chemical elaboration or single-auxiliary appendation must 
be overcome.  The reported methods using single auxiliaries employ camphanyl or 
menthoxyacetyl chiral auxiliaries and then careful HPLC to separate isomers29,40, but the latter is 
impractical on this scale.  Our research showed that neither bis-acylated versions of diol 47 with 
camphanyl (69, Fig. 9, page 64) or menthoxyacetyl (162, Fig. 28) auxiliaries were separable by 
crystallisation or by flash column chromatography.  This meant that two of the three established 
and cost-effective chiral auxiliaries that can be appended to diol 47 and whose removal is 
orthogonal to the acetals in place on the inositol moiety, were not usable.  Attention was 
therefore turned to S-acetyl mandelic acid 68, as a chiral auxiliary.   
Sureshan et al. report that resolution of enantiomers of diol 47 is possible when bis-acylated 
with S-acetylmandelic acid99 (67, Scheme 41).  This approach can also be used to separate 
enantiomers of a related102,314 building blocks in the same way or with a single chemical  
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No. Solvent Conc. 
47 
(g/mL) 
Temp.  
( °C) 
Ratio  % (-)- and 
(+)-47 
% 
epim. 
Coupling 
agent 
Reagent 
Added  
1 CH2Cl2/
py 
12.5 -20 α  >40 68 - 
2 THF 25·4 25 1.295 75 25 EDCI EDCI 
3 THF 8·0 25 4.288 69 31 EDCI EDCI 
4 THF 25·4 25 1.587 87 13 EDCI 67 
5 CH2Cl2 28·6 25 0.998 >7 isomers EDCI 67 
6 CH2Cl2 20·0 25 1.425 68 32 HBTU 67 
7 CH2Cl2 19·6 25 0.714 70 30 HBTU 67 
8 CH2Cl2 101·0 25 0.701 92 8 M.A. 166 
9 CH2Cl2 133·3 0 0.526 97 3 M.A. 166 
 
Table 3.  Optimisation of the conditions for the preparation of 108.  ‘Conc. 47’ (column 3) refers to the 
concentration of 47 in total solvent volume.  The ‘Ratio’ column is that of the rate of addition of the 
‘Reagent Added’ to ‘Concentration of 47‘.  ‘% epim.’ refers to the percentage (1H NMR spectroscopy) of 108 
that was neither one of the enantiomers of 47.  Yield of all isomers of 108, 95-100% for lines 5-9, 75-90% for 
lines 2-4 and 75% for line 1.   
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Fig. 29 Conversion of 108 to 163 requires no more 
than deuteriated chloroform at room temperature 
and a concentration of ~8 mg/mL to be complete in 
36 h. 
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Scheme 42.  The enolate intermediate 164 that is responsible for causing epimerisation 
when nitrogen-based activating agents are used to effect the acylation of 67.  
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modification and then flash chromatography.   The reported procedures gave decidedly different 
results when tested here and so an investigation of this procedure was embarked upon.  Sureshan 
et al. report the preparation of 108 via base-mediated acylation: S-acetylmandelic acid (67) was 
converted to the acyl chloride (68) and used directly to acylate diol 47 at -20 °C.  Repeats of the 
published procedure in this study gave consistent and significant epimerisation of the 
mandelyl-α-carbonyl-CH (>40% by 1H NMR spectroscopy), and only afforded a satisfactory 
yield of the crude bis-acylated product (75%).  The epimerisation is ascribed to the activated 
acyl-intermediate as entirely pure, unepimerised and unhydrolysed acetylmandelyl chloride was 
straightforward to prepare (example spectra are given in the organic spectra appendix).   
Several alternatives to the published acyl chloride method were tested for the preparation of 
bis-acetyl mandelyl-bis-acetal inositol 108, viz. Table 3.  Marginally improved yields, though with 
a similar degree of epimerisation to the published route was achieved by the use of 
dicyclohexylcarbondiimide (DCC) with dimethylaminopyridine (DMAP), where the reagents 
were added in quick succession, though this was improved further with 
ethyl(dimethylaminopropyl) carbondiimide (EDCI) and DMAP, reacted in the same manner.  
When a concentrated solution of S-acetylmandelic acid (50 mg/mL in THF) was added drop-
wise to a concentrated solution of bis-acetal inositol (diol) 47, DMAP and the diimide the yield 
of all isomers of 108 was increased (to ≥90%), and the epimerisation suppressed to 13%.   
As it appears that two dissimilar acylation methods give the same sort of undesired result it 
is perhaps fruitful to investigate why before attempting to optimise further.  The results of these 
reactions are undesired for two reasons, (a) bis-acylation is incomplete, (b) a significant 
percentage of the bis-acylated product appears to show epimerisation at one (or both) 
stereocentres in the chiral auxiliary.  An understanding of the various isolable intermediates in 
the process was sought in order to locate the factor(s) that required optimisation.  It had already 
been established that the final product (108 or 161) once isolated and kept under mildly-basic 
conditions was stable for long periods even when dissolved in regent grade triethylamine even 
over a range of concentrations.  Mildly acidic conditions are sufficient to hydrolyse the trans- 
cyclohexylidene acetal of 108 (to give 163, Fig. 29).  These two points suggest that even though 
the product is sensitive to acid, it is not in a way that might effect epimiersation of one or both 
auxiliaries, once appended.  The carboxylic acid (67) form of the auxiliary is commercially 
available and stable to air and under ambient conditions and is made under acidic conditions, 
and is not readily enolisable as the carboxylate anion; the most acidic proton is that of the 
carboxylic acid.  The acyl chloride of the auxiliary (68) is stable both in concentrated form, and 
when dissolved in CDCl3.  These latter reactivities suggest that the epimerisation occurs at the α-
carbonyl chiral centre in the activated intermediate, giving ride to enol 164 (Scheme 42).   
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Fig. 30.  1H-Benzotriazolium-N,N,N′,N′-tetramethyluronium-
hexafluorophosphate (HBTU), showing both possible isomers. 
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Scheme 43.  Preparation of mixed anhydrides using the 
sterically compromised 166 (2,6-dichloro benzoyl chloride).  
RCOOH and base are required, in a solvent that supports 
organic salts, e.g. methylene chloride.   
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acyl intermediate of 67. 
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Fig. 32.  N-methyl imidazole 
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It seems likely that the latter is due to a ketene-based side reaction, presumably of the E2 or 
E1cb type.  Deprotonation at the β-CH(2) in acyl chlorides by bases such as triethylamine (pKa of 
10∙75 at 25 °C315) is a well-established method for preparing ketenes in situ by an elimination 
mechanism.  The drive towards conjugation with the π-system that exists in 68 may make it 
sufficiently more sensitive to basic attack (and thus formation of the ketene) by an excess of 
pyridine (pKa of 5∙25 at 25  °C
315) and thus explains the result of the published procedure.  It 
would appear the alkaline environment of the diimide-based reaction is sufficient to effect the 
same reactive species as the acyl chloride reaction.  This explanation satisfies the observations 
made vide supra, i.e. (a) epimerisation would indeed occur, as the stereo-integrity of the chiral 
centre at the auxiliary is compromised (b) the acylation occurs promptly but is not complete.  
The ketene derivative of 67 will also react with carboxylic acid 67 to give an anhydride which 
may then acylate diol 47.  Whether or not the (mixed stereo) anhydride is able to acylate 47, at 
least some of the auxiliary is unable to form part of a bis-acylated product.  As a minimum, a 
deprotonated version of auxiliary 67 will be removed from the reaction pathway.   
The formation of a ketene species in this reaction is ascribed to the relatively high pKa of the 
diimide moiety, not only because of its known basicity316, but also because reducing the molar 
concentration of DMAP (the only other basic reagent present) by an order of magnitude made 
no measurable change to epimerisation.  As the reaction would not proceed to completion unless 
the carbo-diimide had a pKa at least as high as DMAP, the behaviour of the reactive intermediate 
becomes the defining feature.  The pKa of DMAP is 10.  Fig. 31 shows an internal attack of the 
nitrogen from the carbondiimide on the α-carbonyl methine.  Zeif and Edsall report that a related 
species have pKas of 9∙72, suggesting that that basicity of the reactive intermediate is too strong 
(especially with the local concentration of the base being high) not to epimerise on the time scale 
of synthesis of the desired product (108)316.  Despite the effectiveness of the acylation using 
diimide coupling reagents, epimerisation of the α-carbonyl proton in the auxiliary was not 
improved by further optimisation.   
In order to suppress racemisation in the desired conversion (Scheme 41), further 
experimentation was focussed upon the relationship between the basicity of the system and the 
relative ease with which the leaving group is separated when the activated species reacts.  The 
ideal outcome would be a method that prevented abstraction of the α-carbonyl methine proton, 
either because the base was too weak or because the leaving group was too poor.  Thus the ideal 
basic catalyst would be weak enough not to elicit epimerisation of the madelate α-carbonyl 
methine proton but strong enough to deprotonate 67 (or of diol 47).  With this in mind, acylating 
agents used in peptide chemistry to prevent exactly the problem of epimerisation were examined.   
1H-Benzotriazolium-N,N,N′,N′-tetramethyluronium-hexafluorophosphate (HBTU, Fig. 30, 
165) is an established as a condensing coupling agent that has reduced epimerisation in peptide  
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Fig. 33.  The region of the proton NMR spectrum of 108 (upper trace) and 161 (lower trace) showing the 
α-carbonyl protons (around 5∙9-6∙1 ppm) and the 1 and 4-CHs; those adjacent to the acylated inositol 
hydroxyls.   
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Fig. 34.  Upper trace, 161, lower trace is 108.  13C of the carbonyl region.    
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Fig. 35. Comparative NMR spectra showing 69 prepared from racemic (upper trace) and (+)-isomer (lower 
trace) camphanyl derivatives of 47.   
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coupling reactions317.  When it was tested on the condensation of acetyl mandelic acid with 
(+/-)-46, again significant epimerisation was observed (32%), even with slow addition of S-acetyl 
mandelic acid 67 (30% epimerisation).  This coupling reagent‘s limited solubility in organic 
solvents may play a significant part in this; the manufacturer‘s information sheet indicates that 
1 g is soluble in 10 mL of methyl cyanide.  For the purposes of this conversion at least this 
concentration in the less polar methylene chloride is required for rapid activation of the 
carboxylic acid and efficient conversion.   
Noting that concentration of all reagents plays an important part in the bimolecular series of 
reactions of both acylation and epimerisation, and therefore how much time is required for the 
activated intermediate to epimerise before it is consumed, a more organically soluble reagent was 
sought.  Additionally, an understanding of the part the leaving group plays had yet to be formed.  
Thus, replacement of the nitrogen with the more electronegative oxygen in the activated 
intermediate was tested.  This may provide entry into a species with a poorer leaving group than 
that in Fig. 31.  The change in leaving group of the auxiliary-intermediate may therefore 
effectively increase the pKa of the α-CH, limiting epimerisation.  Use of a mixed anhydride 
(Scheme 43) similar to that used for acylating glycerides61,86,87 at the sn-2 hydroxyl was tested 
thoroughly.  Thus where aroyl chloride 166 was added by drops under carefully anhydrous 
conditions to a highly concentrated solution of 47 in methylene chloride (0∙3 mMol), only 3% 
epimerisation was  recorded (see data).  Evidence drawn from variations of this method suggests 
that concentration of the activated intermediate is not a simple molar calculation.  Where a 
greater concentration of the reaction mixture is used, the reaction becomes noticably exothermic, 
possibly promoting epimerisation.  However, as it may also promote acylation, trapping  the 
intermediate more quickly, this may also limit the epimerisation that could occur.  Further 
optimisation was therefore focussed on minimising the half-life of the activated intermediate in 
order to suppress epimerisation and prevent the reaction temperature rising above 25 °C; the 
longer the intermediate exists before acylating diol 47, the greater window there is for 
epimerisation to occur.  Regulation of the concentration of the activated intermediate mixed 
anhydride was adjusted via optimisation of (a) the length of time between additions of the aroyl 
chloride (166), (b) the volume of 166 added; (c) volume of the reaction mixture, (d) temperature 
of the reaction.  This culminated in the conditions noted in line 9 of Table 3.   
As this mixed anhydride reaction produced a usable yield and purity of desired products that 
could be separated to give pure samples of both isomers (data Fig. 33, Fig. 34, and elaboration 
Fig. 35), further designs were not tested.  Whatever the activation system used, an extensive in 
situ NMR SPECTROSCOPY study might reveal the true nature of the acylating system.  It is not 
known whether a system can be realised that entirely suppresses epimerisation and produces a 
quantitative yield for this conversion, and it is not possible to suppress epimerisation altogether  
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Fig. 36.  Isomerisation of diol 47 in CDCl3.  Upper  trace CDCl3 triethylamine; 
middle trace CDCl3 at 2 min; lower trace CDCl3 at 4∙5 h.  The latter is 
indistinguishable from traces taken at 16 h.  
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under these conditions.  Addition of aroyl chloride 166 at a rate of 148 µL/min (148 µL portions) 
into a mixture of 47 of 0∙452 mmol/mL produces no improvement in yield or epimerisation 
compared to 71 µL/min (212 µL portion/3 min) into a solution of diol 47 of 0∙297 mmol/mL at 
the same controlled temperature.  Nevertheless, an optimised procedure had been developed that 
gives significantly reduced epimerisation on the reported procedure and a good yield of bis-
acylated 47. 
The crude mixture from the reaction to produce hexakis-substituted inositol 108 was 
fractionated by successive crystallisations to purify and separate diastereoisomers.  The literature 
procedure for crystallisation of a closely-related compound (in which the cyclohexylidene groups 
are replaced with isopropylidene groups102,314) employed 4:1 ethyl acetate-petroleum spirit but 
was unsuccessful here.  The procedure was therefore altered to employ ethyl acetate and a 
mixture (7:3 v/v) of petroleum spirit and cyclohexane.  Mixtures of ethyl acetate and  
petroleum spirit or hexanes alone was not sufficient to separate one enantiomer from the other, 
though was able to remove other contaminants.   
The elaborated diastereoisomers of diol 47, 108 and 161 with the same enantiomer of acetyl 
mandelate appended are clearly distinguishable by NMR spectroscopy, contrary to the reported 
work99,102.  1H NMR spectroscopy shows measurable differences in the shift of the α-carbonyl 
protons, and in the Ins-1-CH and Ins-4-CHs (Fig. 33).  Carbon-13 NMR spectroscopy is also clear, 
showing definite differences in shift of the sp2 carbons (Fig. 34).  In order to test the effectiveness 
of this separation, the acetyl mandelyl auxiliaries were removed by basic hydrolysis and replaced 
with non-epimerisable ω-camphanyl groups in order that contamination with the enantiomer of 
the desired product (108) could be recorded and quantified.  Evidence from NMR spectroscopy 
showed that the crystallisation technique for separation of diastereoisomers 108 and 161 afforded 
a single enantiomer (Fig. 35).   
1H NMR data of these hexakis-substituted inositol compounds such as 108 proved 
misleading for some time as the solvent used (CDCl3) was acidic enough to elicit hydrolysis of 
the 5,6-O-trans-acetal, giving bis-acetyl mandelyl mono-acetal 163 (Fig. 29).  This shows the 
palpable sensitivity of these hexakis-subsituted compounds to acid but also rendered the published 
procedures for removing said cyclohexylidene85 apparently unnecessary.  In looking for an 
explanation for the particular acid sensitive nature of diol 47, hexakis-substituted 108 and bis-
acetyl mandelyl mono-acetal 163, several factors may contribute.   
First, it is well established that acetals of all sorts are sensitive to acid hydrolysis, the 
mechanism of the reaction hingeing on one of the two oxygen atoms being protonated before 
nucleophilic attack by water on the resulting oxy-carbenium intermediate.  However, this does 
not account for the apparent migration noted when diol 47 is exposed to chloroform (Fig. 36), 
nor that the 2,3-O- remains unaffected. 
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Scheme 44.  Hydrolysis of ester functionality in 108, using hydroxide or hydrazine, to give 47.  Reagents 
and conditions: (i) hydrazine hydrate (20 eq), triethylamine (2 eq), methyl cyanide/methylene chloride 
(1 : 1, v/v), 48 h, up to 95%; (ii) Potassium hydroxide (30 eq), ethanol, N2, 6 h, then ammonium chloride 
(powder, 30 eq), 30 min, 100%.   
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Scheme 45.  Regio-selective preparation of 47 to give 137, followed by partial deprotection.  Reagents and 
conditions: (i) P(OCH2CH2CN)3, methylene chloride/pyridine (9:1 v/v), pyridinium bromide perbromide, -
50 °C, 2 h, 80%; (ii) triethylamine, methylene chloride, 36 h.   
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Second, non-systematic evidence provides an indication of the threshold for these  
hydrolyses: diol 47 when exposed to CDCl3 is noted to isomerise (Fig. 36) and as no further 
measurable reaction occurs to 163 when dissolved in CDCl3, even if exposed to it for several 
days.  There is no evidence for hydrolysis of either or both acetals.  Third, the strain inherent in 
trans-acetals such as (5,6)-O- in bis-camphanyl bis-acetal inositol 69 and bis-acetyl mandelyl bis-
acetal inositol (108) means that hydrolysis is more energetically favourable than that of cis-acetals 
(2,3-O-).  This is supported by the findings on the crystal structure of diol 47, that show the 
inositol ring to be twisted out of a normal chair conformation120.  Fourth, the vicinal 4-OH has a 
physical advantage in being able to attack the oxycarbenium species resulting from protonation 
of the 5,6-O- acetal more easily than a water molecule in solution, and thus indicating why 
migration and hydrolysis of the 5,6-O- acetal occurs when diol 47 is exposed to chloroform, 
rather than suffering aqueous hydrolysis.  
Despite these several factors, all isomerisation and acid-mediated hydrolysis is suppressed by 
the addition of 0∙01 M triethylamine to the solvent used for NMR spectroscopy (20∙2 mg/100 g), 
allowing the acylation study to be re-attempted in a clearer light.  Conveniently, exposure of 
hexakis-substituted 108 to basic systems (up to pKa 10∙75) has no measurable effect.  As these 
conditions suppress acid-mediated undesired reactions, basic conditions were used for data 
acquisition and storage of these compounds.   
For resolved diol 47 to be used to prepare lipids, the S-acetylmandelyl auxiliary must be 
removed.  The literature reference102, employed an excess of a primary amine in methanol at 
reflux to effect deprotection in 30 min (yield not reported).  In looking for a straightforward and 
reliable approach, it was discovered that deprotection of up to 95% (by TLC) was achieved under 
neutral or slightly basic conditions by use of a large excess of hydrazine hydrate (Scheme 44, step 
(i)).  The mechanism for this reaction involves the ester groups being attacked by the nucleophilic 
hydrazine, giving mandelyl and acetyl hydrazides.  Although on a larger scale much of the 
hydrazide material can be removed by crystallisation, flash chromatography is required to purify 
the desired product properly.  A more reliable and expedient deprotection method employs 
potassium hydroxide in ethanol (Scheme 44, step (ii)).  Hydroxide as the nucleophile has the added 
advantage that the auxiliary is converted to mandelic carboxylate and acetic carboxylate, both of 
which are removed from the organic solution on aqueous work up.  Basic conditions remain 
favoured as even the mildest acids have a quickly-destructive effect on 47, vis-à-vis, Fig. 36.   
A 30 eq. excess of sodium hydroxide is sufficient not only to suppress any acid-mediated 
side-reactions but also to ensure prompt and complete deprotection.  A smaller excess (≤20eq), 
even with a longer reaction time, does not drive the reaction to completion.  Separation of the 
desired product (+)-47 from unhydrolysed and partly hydrolysed starting material 108 requires 
flash chromatography.  The problem with these deprotection conditions is that the hydroxide  
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Scheme 46.  Three possible mechanisms for the regio-selective phosphorylation, step (i), Scheme 45.  Steps 
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Fig. 37.  Phosphoylating agent 170 for regio_selective phosporylation to give .  172 is a theoretical product of 
Arbuzoff reaction, and product of deprotection of 1-O-phosphoryl bis-acetal inositol 137  to give 173.   
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(and alkoxide) ions react with atmospheric carbon dioxide.  The rate of this reaction is dependent 
on the concentration of the hydroxide to give a carbonate anion, leading to incomplete reaction 
and low mass recovery (40%) after aqueous work up.  The deprotonated inositol derivative 
became water-soluble and thus was removed from the organic solution on aqueous working-up.  
It was speculated that this could be due to unusual acidity of the inositol derivative, making it 
water soluble, thus removing it from the organic solution on work-up.   
The solution to the carbonate-formation problem was two-fold.  The reaction was carried 
out under an atmosphere of nitrogen, without being deliberately anhydrous, to avoid carbonate 
formation.  Once complete by t.l.c., the hydroxide was quenched with ammonium chloride 
(30 eq) before the work-up.  Ammonium chloride falls neatly between hydroxide and neutral pH 
thus quenched the hydroxide gently enough to maintain a basic system that does not react with  
carbon dioxide significantly on the time scale of the reaction.  As only the desired product is 
miscible in organic solvents, chromatography is not required.   
Precise regio-selective phosphorylation on the Ins-1-OH is required in order that a single 
regio-isomer and thus a uniform lipid target is prepared.  So that regioselectivity can be 
unambiguously determined clearly by proton NMR spectroscopy, the phosphorylation to give a 
1-O-phosphoryl bis-acetal inositol 137 should take place before a glyceride is coupled; thus diol 
47 was phosphorylated to give 1-O-phosphoryl bis-acetal inositol 137 (Scheme 45, step (i), 80%).  
The reaction is effected using trialkyloxy phosphite 170, and the mild oxidising agent pyridinium 
bromide perbromide.  The latter is reduced during the reaction to give bromide ions.  Phosphite 
170 is prepared using a literature-informed manner41,61, using phosphorus trichloride and the 
trimethyl silyl ether of 3-hydroxy propionitrile (171) with a yield of 92%.  The regioselectivity of 
this reaction is determined in the same way as regio-selective reactions shown above (vis-à-vis Fig. 
26) and so under optimised conditions (low temperature, molar excess of diol 47), the Ins-1-OH is 
phosphorylated cleanly and selectively (to give 137, 80%).  The reaction may proceed by one of 
three mechanisms, based upon current evidence (Scheme 46).  Either the Arbuzoff mechanism, in 
which a bromide ion attacks the nucleophilic carbon adjacent to a P-O bond of the phosphonium 
bromide88-90, or in which P(OR)3Br2 releases cyanoethyl bromide before being attacked by the 
introduced alcohol (diol 47 in this case).  It is also plausible that diol 47 attacks P(OR)3Br2 
directly.  All three mechanisms produce cyanoethyl bromide, for which evidence may be found 
in crude 13C NMR spectroscopy by virtue of the CH2-Br shift.  When this type of 
phosphorylation reaction is carried out in an NMR spectroscopy tube, cyanoethyl bromide is 
detected, however no acrylonitrile is visible318. 
There is not yet confirming evidence of which Arbuzoff mechanism operates in this 
reaction.  This mechanism can lead to the release of the introduced alcohol as the alkyl bromide, 
e.g. 172 (Fig. 37), as well as alkyl bromides of the cyanoethyl groups, both of which can be  
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isolated.  In step (ii) of Scheme 45 the introduced alcohol, (the 1-OH in) diol 47 is a secondary 
alcohol that is significantly more sterically hindered than the three cyanoethyl groups that could 
otherwise be lost as the alkyl bromide.  Certainly there was no evidence of significant amounts of 
bromo-inositide 172.     
The case for this phosphorylation (step (i), Scheme 45) being a preparation that gives the 
desired regio-chemistry is underpinned by deprotection of 1-O-phosphoryl bis-acetal inositol 137, 
to give inositol-1-phosphate 173 (Fig. 37), the regio-chemistry of which agrees with that of 
1-O-phosphoryl bis-acetal inositol 137.   
In conclusion, the current work has produced a reproducible resolution of diol 47 that can 
be efficiently performed and with good enantio-purity, and on a larger scale than reported 
procedures.  Addition of the chiral auxiliary and its removal by basic hydrolysis can be 
completed readily and with minimal loss of material.  Once diastereoisomers of diol 47 are 
separated, the regio-selective phosphorylation to give 1-O-phosphoryl bis-acetal inositol 137 can 
be completed and is more selective than other reports of similar phosphorylations (Scheme 24, 
page 76).  This means that gramme quantities of enantio-pure 1-O-phosphoryl bis-acetal inositol 
137 are now available for preparation of a range of PI-4-Ps.   
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Scheme 47.  Above and below.  Preparation of saturated diglyceride 178.  Reagents and conditions: 
(i) benzyl chloride 0∙95 eq, THF, NaH, 0 °C, 3 h, 100%; (ii) TFA, methylene chloride, water (1:2:7, v/v), 
100%;  (iii) Stearic acid,(2∙0 eq), methylene chloride, DBC, NMI, 6 h, 98%; (iv) H2, Pd-C, ethyl acetate, 
1 Bar, 48 h, 80%. 
BnO
O
O
O
R
O
3 1
2
BnO
OH
OH R HO
O
O
O
R
O
R(iii) (iv)
 
176 177 178 
Samuel Furse - The Synthetic Preparation and Physical Behaviour of Phosphatidylinositol-4-Phosphates  173 
 
Chapter 7 – The Preparation of Saturated and Unsaturated 
Glycerides 
 
In order that a range of PI-4-Ps can be produced, the glyceride moiety must be prepared.  
Strategies to prepare glycerides for the lipid targets 1-3, and related analogues, must take account 
of unsaturated functionality as well as the regio-chemistry required, and be adaptable so that 
enantio-pure targets can be made.  The preparation of glycerides (e.g. saturated diacyl glyceride 
178 and unsaturated diacyl glyceride 186) requires similar problem-solving to that used in regio-
chemical elaboration of myo-inositol (Chapter 5) as glycerol also possesses vicinal hydroxyls.  
Although glycerol has fewer hydroxyls than inositol, most naturally occurring glycerides are 
unsaturated, raising additional complications.  Thus for the synthetic preparation of naturally-
occurring inositides a scheme of reactions that tolerates unsaturated functionality is required.  
As with phosphatidyl compounds, unsaturated glyceride targets are not compatible with 
benzyl protection, and so an alternative to using this group must be found.  The presence of 
single olefin or several unconjugated olefin bonds in a fatty acid residue presents two potential 
incompatibilities.  One is reductive reaction conditions, including that to remove benzyl groups.  
The second is that Lewis acids are capable of compromising this functionality (Scheme 2, page 46).  
Other, more general difficulties in glyceride chemistry, include strong nucleophiles (detrimental 
to ester functionality), and acid-and-base-mediated re-arrangements (Fig. 38).  These difficulties 
were overcome in this project, and the possibilities exploited (Scheme 47, Scheme 48, Scheme 49).   
The preparation of distearoyl glycerol (178, Scheme 47) does not require discrimination 
between the fatty acid residues and the problem of unsaturated functionality noted above does 
not apply, thus a retro-synthetic approach can lead to a starting material that allows acylation of 
the relevant hydroxyls simultaneously.  Conveniently, the intermediates of this scheme are not 
especially chemically sensitive, thus it is straightforward to produce this glyceride on a large 
scale.  The hydroxyl that will be used to append the glyceride to the inositol component (3-O-) is 
protected in order that the rest of the elaboration can take place.  The benzyl group is appended 
to 174 (Scheme 47) under anhydrous basic conditions, protecting the glyceryl-3-OH in such a way 
that it cannot be removed under acidic or basic conditions.  This enables deprotection of the 
isopropylidene group under strongly acidic conditions (Step (ii), Scheme 47).  This is followed by 
the basic or neutral introduction of the two fatty acid residues present in 177 and 178.  Previous 
work86 made use of diimide activation of the cogent fatty acid in order to effect acylation.  
However, this is problematic in that even a slight excess of stearic acid leads to the formation of 
acylated dicyclohexylurea, a side-product that proved inseparable from the desired product by 
flash chromatography.  A more practical, less toxic, and less water sensitive alternative is a  
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Scheme 48.  The preparation of glycerides such as 190 in which the fatty acid residues are indistinguishable 
but unsaturated/redox-sensitive.  Reagents and conditions: (i) glycerol, peptide grade DMF, (+/-)-CSA, 
90%; (ii) 1-pyrene-nonic acid, N-methyl imidazole 2,6-dichlorobenzoyl chloride, methylene chloride, 95%; 
dichloroacetic acid, methylene chloride, pyrrole, 2 min, 80%.   
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mixed anhydride system (also employed to acylate diol 47, see Scheme 42, page 158), that works 
effectively without an excess of the fatty acid.  However, the order of addition of reagents 
becomes important as the primary (1-O-) hydroxyl in 176 is sufficiently free of steric hindrance 
and sufficiently nucleophilic to be acylated by the aroyl group 166 itself and thus not produce the 
desired product.  The mixed anhydride intermediate (167, Scheme 42) was therefore produced in 
situ and the glyceryl moiety added to it.  Separation from stearic acid was not required as there 
was an equimolar quantity of the fatty acid, and thus the need for chromatography was averted.   
Hydrogenolysis of benzyl di-glyceride 177 at an ambient pressure is sufficient to effect 
complete debenzylation.  Where ethanol was used as the solvent, test reactions in this project 
showed complete hydrolysis of the substrate, returning ethyl stearate and glycerol.  Published 
results using ethyl acetate53 were adapted for this project, affording the desired product 178 in 
80% yield.   
Though straightforward for producing non-redox-sensitive glycerides in which the two 
saturated fatty acid residues are indistinguishable, a different method is required to produce 
unsaturated glycerides such as 190.  For his target, two main points must be considered: (a) like 
178, the fatty acids located regioselectively on the 1-O- and 2-O-; (b) hydrogenolysis conditions 
suitable for the removal of a benzyl group to give 183 are not applicable.  In order to overcome 
these problems, an established method was used61,86.  This approach uses an alternative 
protecting group to the benzyl, known as pixyl (9-phenylxanthanyl, abbreviated to Px).  This 
pixyl group can be removed under acidic conditions61, or photolytically35.  The UV sensitivity 
means that pixyl compounds retain integrity if protected from exposure to light. 
First in this preparation (Scheme 48), glycerol 179 is pixylated to give pixyl-1-O-glycerol 180.  
This is then bis-acylated in a similar way to benzyl glycerol 176, but using a mixed anhydride 
method, to give pixyl bis-acylated glycerol 181.  There was no trace of 1-O-aroyl glyceryl species 
caused by the aroyl chloride 166 esterifying the glycerol-sn-1-OH and so the alternative carbo-
diimide approach was not used.  Finally in Scheme 48, the pixyl group is hydrolysed using a brief 
exposure to dichloroacetic acid.  The pixyl cation is trapped by pyrrole.   
Glyceride 190 in particular is used to measure the lateral and curvature elastic stress in 
vesicular or cellular membranes by fluorescence microscopy95.  These molecules can be used at 
trace concentrations, as with their phosphatidylcholine95 and phosphatidylethanolamine (182, 
Fig. 40, which has also been prepared in this project, see below) analogues to probe the physical 
behaviour, location, and alteration(s) that occur to lipids during cellular processes such as cell 
division.  The transformation of dipyrenyl glycerides into PI (197, Fig. 41) and towards PI-4-P 
lipids has now also been demonstrated in this project (see Chapter 8).   
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Scheme 49.  Above and below.  Preparation of unsaturated glycerides commensurate with 187.  x, y, and z 
in 187 vary according to the fatty acid.  Reagents and conditions: (i) Stearic acid (0∙95 eq), DCC, THF, 
DMAP, 16 h, 95%; (ii) TFA, TFE, TEB (1:1:8, v/v), 16 h, 95%; (iii) acetic acid (× 3), pixanol (1∙1 eq), 
1 mBar, 75%; (iv) [unsaturated fatty] acid, 166, methylene chloride, NMI, 16 h, 90%; (v) dichloroacetic 
acid, methylene chloride, pyrrole, 2 min, 80%. 
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Scheme 50.  The preparation of the phosphodiester salt of glycerides to give 194/195/196.  Reagents and 
conditions: (i) P(OCH2CH2CN)2Cl, N-methylimidazole, pyridine: methylene chloride (1:6), 12 h, then tert-
butyl hydro peroxide, 12 h, 83%; (ii) TEA, methylene chloride, 36 h, quant.  
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Glycerides such as those in lipid targets 1-3 have differing fatty acid residues on the 1-O- and 
2-O- hydroxyls, generally one is saturated and one is unsaturated.  The preparation of glyceride 
targets such as 187 is similar to that in Scheme 47 as it too employs racemic or enantio-pure 
isopropylidene glycerol as the starting material.  Stearic acid is condensed onto the exposed 
hydroxyl in 174 to give 183.  However, the mixed anhydride method used to prepare 177 (Scheme 
47) was not as efficient in the acylation to give 183 (step (i), Scheme 49) as the carbo-diimide 
coupling agent.  Where the mixed anhydride method was used, a minor proportion of the 
acylation installs the aroyl group (from 166) onto the glyceryl moiety, a side product that proved 
inseparable.   
In order to produce unsaturated glyceride 187, the stearoyl residue installed in the first step 
on the 1-O- position (step (i), Scheme 49).  The isopropylidene group is removed from 183 under 
carefully-controlled acidic conditions (step (iii), Scheme 49) in which the desired product, diol 184 
(95%), is trapped as it is released, thus suppressing acid-mediated ester migration to give 
2-O-stearoyl glycerol.  1-O-Stearoyl glycerol 184 is then reacted under mildly-acidic conditions 
with pixanol to protect the more active 3-OH.  This in turn allows an (unsaturated) fatty acid to 
be condensed at the remaining hydroxyl to give 186 (step (iv), Scheme 49).  Finally, the pixyl group 
is rapidly removed under acidic conditions to give the desired product 187 (80%).  Glycerides for 
unsaturated PI-4-P lipids 2 and 3 are sn-1-O-stearoyl-2-oleoyl glycerol (188, 75%) and sn-1-O-
stearoyl-2-γ-linolenoyl glycerol (189, 75%), respectively. 
Once prepared as above, the glyceride(s) can be condensed with a phospho di-ester salt (see 
Chapter 8) or phosphorylated (Scheme 50).  The latter gives the mono-cyanoethyl phosphatidates 
for reactions analogous to those shown in Scheme 10 (page 58).  These can also be completely 
deprotected to provide a phosphatidic acid derivative.   
In conclusion, there are well-defined routes to a variety of glycerides, saturated, unsaturated, 
and aromatic.  All of them avoid regio-isomeric re-arrangements and preserve the sensitive redox 
functionality associated with unconjugated poly-olefinic fatty acid residues, and the aromatic 
residues associated with fluorescent fatty acid residues.   
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Scheme 51.  Preparation of PI precursor 199 (where R′ = R′ = septadecyl).  R = ethyl.  Reagents and 
conditions: 169, 178/187/190 (3∙0 eq), mesitylene sulfonyl chloride (4∙0 eq), 3-nitrotriazole (8∙0 eq), 
methylene chloride, pyridine, methyl cyanide, 2 h, (75%).   
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Scheme 52.  Preparation of PI precursor 154 from secondary alcohol 153 and phosphodiester salt 194 
(R′′ = R′′′ = septadecyl).  Diol 47 can be used in place of 153.  Reagents and conditions: 153, 194 (1∙05 eq), 
mesitylene sulfonyl chloride (3∙5 eq), 3-nitrotriazole (8∙0 eq), methylene chloride, pyridine, methyl cyanide, 
2 h, (0%, 153 recovered.).   
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Scheme 53.  Preparation of phosphatidylethanolamine precursor 201.  In theory 194 could be used in place 
of 196.  Reagents and conditions: 196, 200 (3∙0 eq), mesitylene sulfonyl chloride (4∙0 eq), 3-nitrotriazole 
(8∙0 eq), methylene chloride, pyridine, 4 h, (98%.).   
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Chapter 8 – The Preparation of  Lipids and their Characterisation 
 
In this chapter, research leading to the completed target lipids using intermediates built in 
previous chapters is discussed.  First, the inositol head group precursor (Chapter 5) must be 
coupled to the glyceride component (Chapter 7).  This will be followed first by a discussion of the 
deprotection steps and then an analysis of the methods used to acquire structurally-relevant data 
on the target molecules. 
 
(i) Condensation coupling of glyceride and inositol components 
An established method of condensing a prepared inositol head group precursor (e.g. 169) and 
a glyceride (e.g. 178)  comes from nucleic acid chemistry, originally developed to construct single 
strands of DNA319,320 or RNA321 synthetically.  The previously-tested method in this project86 is 
shown in Scheme 51, in which a phosphate di-ester salt is condensed with the hydroxyl of a 
glyceride to give a protected PI precursor.   
In this reaction (Scheme 51), the anionic oxygen of the phosphate is sulfonylated, allowing it 
to be displaced by attack of the 3-nitotriazolide on the phosphate.  The resulting phosphoryl-
nitrotriazolium adduct is sufficiently electrophilic for the primary hydroxyl of the glyceride (178, 
187, or 190 in this case) to attack nucleophilically.  However, the primary hydroxyl of the 
glyceride is also sufficiently nucleophilic to attack the sulfonyl group in mesitylene sulfonyl 
nitrotriazole (MSNT) irreversibly.  The free hydroxyl of inositol 1-O-phosphate salt 169 takes no 
part in the reaction, nor any possible side-reactions.  Even with the added nucleophilicity from 
H-bonding of the secondary hydroxyl in 4-O-phosphate inositol 153 (Scheme 52), no condensation 
is observed, rendering strategic alternatives (Scheme 37) to the original method unworkable.  As 
with previous methods, no sulfonation is recorded at the 1-OH of inositol in the reaction shown 
in Scheme 52.  The preparation of related lipids (Scheme 53) proceeds readily, affording 
phosphatidylethanolamine lipid precursors in good yield.  This chemistry may be usefully 
applied to preparing fluorescently-visible lipids such as 182 (Fig. 40, page 174) and analogues of 
the same, allowing synthetic lipids to be prepared for membrane pressure studies95.   
The molecule produced by the condensation shown in Scheme 51, 199, can be deprotected to 
give a phosphatidylinositol (PI, an inositide with no phosphate mono-esters, e.g. 197).  The 
deprotection to give a PI such as 197 is a straightforward one, a single cyanoethyl group on a 
phosphate di-ester can be removed cleanly and simply with triethylamine (Scheme 45), followed 
by acetic-acid-mediated deprotection of the acetals (see below).   
180           Samuel Furse - The Synthetic Preparation and Physical Behaviour of Phosphatidylinositol-4-Phosphates 
 
O
HO O
O
O O P
O
OR
O
CN
NC
O
P Cl
O
CN
+
+
P
OO
ONC
NC
O
O O
O
O O P
O
OR
O
CN
+
 
202 199 (R = 178) 
203 (R = 188) 
204 (R = 189) 
205 (R = 190) 
154 (R = 178) 
206 (R = 188) 
207 (R = 189) 
208 (R = 190) 
 
Scheme 54.  Phosphorochloridite 202 is used for preparing completely-protected PI-4-P precursors 154 
(saturated, DSPIP), 206 (unsaturated, SOPIP), 207 (unsaturated, SGPIP), 208 (aromatic unsaturated 
dipyranyl-type).  R = glyceride.  Reagents and conditions: NMI, pyridine/methylene chloride (1:1), then 
cyanoethanol, then tertiary-butyl hdroperoxide, 36 h, 80-85%. 
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Scheme 55.  Preparation of PI-4-P (bis-triethylammonium salt).  R = glyceride.  Reagents and conditions: 
(i) Barton’s Base (N,N,N′,N′, tetramethyl-N′′tert-butyl-guanidine, 30 eq), trimethylsilyl chloride (>30 eq), 
16 h, quant.; (ii) methanol/triethylamine (1:1), 20 min., 100%; (iii) acetic acid/water (3:2), 48 h, 100%.   
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Scheme 56.  Deprotection of 201 to give phosphatidylethanolamine 181.  Reagents and conditions: (i) 
triethylamine, methylene chloride, 16 h, quant.; (ii) ethanedithiol (10 eq), acetic acid, water (19:1), quant. 
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(ii) Installation of phosphate mono-ester precursor functionality 
In order to prepare a PI-4-P from phosphatidyl bis-acetal inositol 199, a phosphate mono-
ester precursor must be installed.  There are several methods published for this conversion 
(Chapter 2, Section (iii)).  In order to satisfy the protecting group chemistry in this strategy, this 
reaction was carried out using phosphorochloridite 202 (Scheme 54).  A phosphitimidazolium 
intermediate is produced by nucleophilic attack of N-methyl imidazole on phosphorochoridite 
202.  This is then attacked by the 4-OH of the inositol to give a trialkyl phosphite which is 
oxidised in the same pot using tert-butyl hydroperoxide.  This reagent is capable of oxidising the 
PIII to PV but does not oxidise unsaturated functionality elsewhere in the molecule.  This 
principle has held on both olefin bonds (oleoyl, γ-linolenoyl &c. residues of fatty acids), 
aromatic, and conjugated systems (pyrene), in which no oxidation is observed other than the 
desired one.  The reaction is carried out under strictly anhydrous conditions in order to avoid 
formation of the H-phosphonate by hydrolysis of the intermediate phosphite tri-ester.  The 
desired reaction was completed cleanly with a consistent yield of 80-85%. 
 
(iii) Final deprotection steps to give the target lipid 
Deprotection strategies for protected inositides similar to 154 with the same acid- and base-
labile protecting groups has been the subject of study elsewhere41,61,62,86,87.  The potential pitfalls of 
other protection and deprotection strategies (discussed in Chapter 5, page 45) are avoided by the 
relatively mild base-then-acid approach used here.  The basis for this deprotection strategy is two-
fold.  First, the conditions must deprotect the acid- (acetals) and base-labile (cyanoethyl) groups 
whilst unsaturated functionality remains unaffected.  Second, phosphates must be deprotected 
before the inositol hydroxyls in order to prevent phosphate migration (Scheme 1, page 44).   
Triethylamine, used for removing cyanoethyl groups in previous conversions, is not able to 
remove two cyanoethyl groups from a single phosphate tri-ester.  Barton‘s base is a strong but 
non-nucleophilic base61 and is able to remove both cyanoethyl groups (Scheme 55, step (i)) from 
the same phosphate tri-ester because the electronic repulsion caused by the removal of one is 
masked by silylation.  Trimethylsilyl chloride is used in the same reaction to mask the negative 
charge of the exposed oxygen atoms, and increase solubility of the lipid pre-cursors in organic 
solvents.  The facile solubility of the silylated deprotected lipid-precursor allows the organic 
product to be dissolved in petroleum spirit.  Thus, the solvents from the reaction mixture are 
removed in vacuo, and the Barton‘s base are then salts washed with petroleum spirit under 
nitrogen to release the desired product.  In order to assess the progress of the reaction, the 
silylated material (e.g. 209) was examined by 31P NMR spectroscopy.  The completed reaction for 
these products shows a singlet (phosphate mono-ester, ~ -11 ppm) and a doublet (phosphate di-
ester ~ -20 ppm).  The latter is a doublet because the silylated (phosphatidyl) phosphate di-ester is  
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chiral, though in this preparation a racemic mixture.  On completion of the base-mediated ester 
exchange, the volatile trimethylsilyl groups are solvolysed and phosphate salts prepared.  This is 
achieved in one step with stirring in methanolic triethylamine to give the di(triethylammonium) 
salt.  This counter ion exhibits good solubility in organic solvents for NMR purposes.   
The acetals across the 2,3-O- and 5,6-O-positions are removed in the second step using 
aqueous acetic acid (Scheme 55, step (iii) ).  A carboxylic acid is used as it is sufficiently strong to 
hydrolyse the acetals but insufficiently strong to interfere with the esters in the glyceride or the 
positions of phosphates.  More strongly-protonating species e.g. mineral acids are able to increase 
the electrophilicity of phosphates, making them vulnerable to attack by vicinal (inositol) 
hydroxyls, leading to phosphate migration.  The Boc group in protected 
phosphatidylethanolamine 201 was also removed using acetic acid in water (Scheme 56), though 
with the addition of a trapping agent to prevent alkylation by the tert-butyl cation.  The acid and 
water were removed by freeze-drying.   
Two short steps of purification are required before data is acquired, in order to remove 
reagent protecting group debris.  First, the material is triturated from methyl cyanide, in order to 
remove more polar material and remaining water.  This leaves a white solid which is then 
triturated from diethyl ether, removing less polar material.  The desired PI-4-Ps are not soluble in 
either medium though are stored at or below -20 °C to maintain the quality of the samples.   
 
 
(iv) Acquisition of structurally-relevant data on PI-4-Ps 
One of the inherent difficulties with regards to lipids such as 1-3 is the acquisition of 
satisfactory NMR spectroscopy data.  The physical properties of these compounds can restrict 
the quality of data, 1H NMR spectroscopy in particular.  The reasons for this are several:   
 
 The nature of the functionality involved means that the solvent system must be flexible 
enough to solvate both phosphate mono-esters and aliphatic methylene chains equally 
well.   
 The charge on lipids such as these means that in organic solvents it is energetically 
favourable for the phosphate-containing polar head groups to associate with one another 
rather than with the solvent.  It is established from biophysical studies (Chapter 11 &c.) 
that these lipids are characterised by packing into aggregations in which the head group  
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Fig. 43.  NMR spectroscopy traces of Stearoyl-oleoyl-glyceride (188 upper traces, signals A-E), SOPIP (2, 
middle trace) and inositol-1-O-phosphate (173, lower trace, signals 1-6, which represent the respective 
methine positions of the inositol ring).  The upper and lower trances are used as an independent guide to the 
functionality of SOPIP.  The signals observed in the SOPIP trace are marked with appropriate adjustments 
with the same labels as those of the upper and lower traces. 
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end is narrower than the end of the glyceride moiety, as in Fig. 2 (page 36).  This restricts 
their ability to be mono-dispersed as normal solutes are and so the NMR spectroscopy 
signals are less sharp and the integrations less proportional, compared with the values of 
the molecular formula of the desired lipid molecule.   
 Samples of racemic lipids contain four enantiomers as they are racemic in terms of the 
glyceride and/or in terms of the inositol, leading to a broadening of the signals.   
 These lipids are relatively large for solution phase NMR spectroscopy, containing over a 
hundred protons.  This gives additional grounds for apparent broadening and signal 
overlap.  There are more rotamers in the lipids in organic solution than there are in the 
fully-protected species (the connecting phosphate is stereogenic before deprotection), 
broadening the signals still further.   
 
The solution has been to use mixtures of deuteriated chloroform and methanol.  The clarity 
of data is improved by the lipid being evaporated from deuteriated methanol before NMR 
spectroscopy samples are prepared, in a similar way that some samples of protein(s) undergo a 
―D2O shake‖ before they are subjected to NMR spectroscopy
322.  This not only reduces the 
integration of the HOD signal but also simplifies others, for example the structure of the 
molecule suggests that the Ins-5-H should give a double triplet as the signal is split by its 
neighbouring trans-protons Ins-4-H and Ins-6-H, and then once again by its hydroxyl proton.  
The latter complication is removed by the 5-O- hydroxyl‘s proton being exchanged for deuterium 
– leaving a broad triplet (Fig. 43).   
In a number of publications the issue of data on these compounds is side-stepped all 
together, instead the regio-chemical connectivity of the lipid(s) is determined by the proven 
quality of the reactions used and the data from immediate precursors40,45,50,54,56.  Others have 
attempted to gain something of a clearer insight into the structures of these lipids, and some 
analogues, with some success34,37,43,44,52,55,57-59,61,76,77,84.  The data acquired in this project is 
competitive with published material.  Fig. 43 shows the proton NMR spectroscopy trace from 
SOPIP (2).  As the signals are broad, and several crucial signals over-lap, the trace becomes 
unclear in places.  However, clearer signals in components similar to those present in the target 
molecule a demonstratively useful guide.  Glyceride signals A and B are separated from the 
others in 2 and thus are more easily identified.  A has a shift and integration consistent with two 
olefinic protons, as well as a multiplet signal approximately consistent with two protons that 
couple to three other protons each, in two environments each.  Signals C and D referred to a pair 
of non-equivalent glyceride protons (as evidenced by two signals) the adjacent hydroxyl of which 
is acylated with a fatty acid.  Signals C and D are made unclear in the SOPIP (2) by inositol 
signals but are not expected to change greatly in shift between the two compounds.  By contrast,  
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glyceride signal E is expected to shift upfield relative to that of glyceride 188, due to the 
deshielding effect of the phosphoryl moiety.  The deshielding effect also influences the shift of the 
4-CH position, also deshielded but by a different phosphoryl moiety.  The deshielding effect of 
this phosphate also influences the shifts of the Ins-3-CH and Ins-5-CH signals, both are moved 
down field.  The Ins-1-O-PO3
- is assigned using various clear effects.  The splitting and coupling 
constants of the individual signals informs us which protons are three-bonds-coupled to trans- or 
cis-protons.  Thus the Ins-4-CH, Ins-5-CH and Ins-6-CH signals give wide triplets: n-1 protons, 
wide due to trans-coupling.  The Ins-3-CH is coupled to two protons, one via cis- and one by trans-
coupling.  The Ins-1-CH has he same splitting as the Ins-3-CH with the additional splitting 
caused by the phosphorus atom.  These typically have small coupling constants (2-3 Hz).  The 
roofing effect links the Ins-4-CH with Ins-5-CH and Ins-3-CH, and the Ins-1-CH and Ins-6-CH.   
 
(v) Conclusions 
The methods described in this chapter enable a range of phosphatidylinositol, 
phosphatidylinositol-4-phosphate, and phosphatidylethanolamine lipids to be prepared.  The 
condensation coupling brings about the link between glyceride moiety and inositol-phosphate, or 
other alkyl phosphate building block.  A non-regio-selective phosphorylation reaction can be 
used to install phosphate mono-ester precursor functionality.  Phosphatidylcholine and 
phosphatidylserine targets are compatible with this strategy, not least with the final deprotection  
steps that use a mild and non-nucleophilic base to effect deprotection of phosphate precursors, 
before a acetic acid is applied to deprotect the inositol or other functionality.  Structurally-
relevant data acquisition has been improved such that the coupling of many individual protons 
crucial to demonstrating the regio-placement of substituents, are clearer.  Lipids of several types 
have been prepared in quantities suitable for examination in biophysical and biological arenas.   
This work begs the question as to what the next step in this area of organic synthesis might 
be.  This is determined chiefly by the targets of the syntheses, and specifically their sensitivities to 
the conditions that may be used to construct them.  For example, if less strongly basic conditions 
were required, conditions for a one-pot reaction are feasible with reactions that have been 
established to date.  If the very base-sensitive fluorenylmethyl group used by Watanabe et al.57,58 
is used to protect the phosphate mono- and di-ester precursors, and the cyclohexylidene acetals or 
pixyl ethers were used to protect the hydroxyls on the inositol ring.  In this case, the reaction 
mixture would first be treated with mildly basic triethylamine followed by acetic acid to remove 
acid-labile groups.  Care is required in handling the fluorenylmethyl groups as they are a good 
deal more base-sensitive than cyanoethyl phosphate esters.  However, until such a system can be 
established, the rigorously-tested stratagem of using the base-then-acid methodology by 
Watanabe et al.59 or Gaffney and Reese61 is more reliable.   
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Ins-CH (142) Shift (ppm) Splitting  J  
1 4∙11 dd 10∙0, 4∙7  
2 4∙20 t 4∙7 
3 3∙87 dd 6∙3, 4∙7 
4 3∙53 dt 10∙2, 6∙3 
5 3∙27 t 10∙2 
6 3∙68 t 10∙2 
4-OH 5∙48 d 5∙3 
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Chapter 9 – Experimental (Organic Chemistry) 
 
General experimental procedures:  1H-, 13C- and 31P-NMR spectra were recorded on a 
Bruker Av-400 or Av-500.  Chemical shifts (δ) are expressed in parts per million (ppm), and are 
referenced with respect to residual solvent signals, H (CHCl3) 7∙25 ppm, H (DMSO) 2∙50, C 
(CHCl3) 77∙50, C (DMSO) 39∙43, or an external reference, P (H3PO4) 0∙00.  Coupling constants  
J are expressed in Hertz.  Optical rotations were carried out on a Perkin-Elmer 241 Polarimeter.  
Deuteriated solvents were purchased from Apollo Scientific Ltd.  Other reagents were purchased 
from Sigma-Aldrich Ltd or Acros Chemicals Ltd and used as supplied except where otherwise 
specified.  Mass spectra were recorded on a Micromass LCT Premier (low and high resolution) 
mass spectrometer.  Reactions were carried out under anhydrous conditions with a nitrogen 
atmosphere.  Pyridine, methylene chloride, methyl cyanide, N-methylimidazole and 
triethylamine were distilled from calcium hydride; THF and diethyl ether were distilled from 
sodium metal and benzophenone; all, except triethylamine, were stored over 4 Å molecular 
sieves.  Phosphorus trichloride and trimethylsilyl chloride were distilled before use.  Flash 
chromatography was carried out using silica from British Drug Houses for normal phase, and 
silanised silica gel 60 from Merck for reverse phase.  Thin layer chromatography was carried out 
using Merck silica gel 60 F254 glass-backed plates.  TLC of inositol derivatives were stained with 
anisaldehyde, glyceride derivatives stained with permanganate (VII).  In NMR spectroscopy 
assignments, braces, {}, are used to indicate assignments of signals that overlap but are 
discernable.  COSY spectra are used to assign 1H signals, with DEPT and HSQC used to assign 
carbon signals.  § indicates splitting pattern appears differently between racemic mixture where 
two or more isomers may be visible and enantio-pure samples, † indicates signals obscured by 
regio-isomers, ‡ indicates procedures and data in which racemic mixtures are indistinguishable 
from enantio-pure samples, except where stated. 
 
 
1-O-tert-Butyldimethylsilyl-(2,3)(5,6)-dicyclohexylidene-myo-inositol (142) 
 
(+/-)- (2,3)(5,6)-O-Dicyclohexylidene-myo-inositol (47, Mr = 340∙42, 200 mg, 
0∙588 mmol) was combined with imidazole (Mr = 68∙08, 80 mg, 1∙18 mmol, 2∙0 eq), 
evaporated from toluene (3 × 1 mL) and dissolved in methylene chloride (15 mL) and 
pyridine (2 mL).  The reaction mixture was cooled to 0 °C and a solution of TBS-Cl 
(Mr = 150∙72, 1 M soln. in methylene chloride, 0∙62 mL, 0∙617 mmol, 1∙05 eq) in 
methylene chloride (20 mL) was added drop-wise over 2 h to this homogenous mixture,  
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Ins-CH (143) Shift (ppm) Splitting  J  
1 3∙91 dd 10∙2, 6·3, 4∙5 
2 4∙23 t 4∙5 
3 3∙91 dd 6∙3, 4·5 
4 3∙68 dd 10∙0, 6∙3 
5 3∙28 t 10∙0 
6 3∙69 dd 10∙2, 10∙0 
1-OH 5∙34 d 6∙3 
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and was stirred for a further 16 h.  The reaction was quenched with water (5 mL), diluted with 
methylene chloride (150 mL), washed with water (3 × 100 mL), washed with brine (100 mL), 
dried (MgSO4) and the solvent removed in vacuo to give a colourless oil (~300 mg).  Flash 
chromatography (2∙5 cm diameter × 15 cm dry SiO2, eluted with ethyl acetate in petroleum 
spirit, 0:1 to 3:7, 2% steps, 100 mL portions).  Gave the title compound regio-isomers (142 and 
143, 18-28% ethyl acetate, ~7:1 mixture by 1H NMR spectroscopy, colourless oil, 188 mg, 70%) 
and TBS-OH (8-14% ethyl acetate, identified by mass spectroscopy).   
Rf (1:1 diethyl ether-petroleum spirit) 142 = 0∙20; TBS-OH = 0∙60; (1,4)-O-di-tert-
butyldimethylsilyl-(2,3)(5,6)dicyclohexylidene-myo-inositol = 0∙90; 47 = 0∙10.   
m/z (HR-ESI+) for 142, [M+H]+ = C24H43O6Si, calculated 455∙2829, found 
[M+H]+ = 455∙2850.   
H (142, 400 MHz; DMSO) 5∙48 (1H, d, J 5∙3, Ins-4-OH), *4∙20 (1H, t, J 4∙7, Ins-2-CH), 4∙11 
(1H, dd, J 10∙0, 4∙7, Ins-1-CH), *3∙87 (1H, dd, J 6∙3, 4∙7, Ins-3-CH), *3∙68 (1H, t, J 10∙2, 
Ins-6-CH), 3∙53 (1H, dt, J 10∙2, 6∙3, Ins-4-CH), *3∙27 (1H, t, J 10∙2, Ins-5-CH), 1∙7-1∙15 (20H, m, 
10 × cyclohexyl CH2s), 0∙89 (9H, s, (CH3)3CSiR3), 0∙1 (6H, 2 × s, (CH3)2SiR2) ppm.  * Signals of 
the major isomer that overlap with those of the minor isomer where the latter is not properly 
discernable.   
H (143, 400 MHz, DMSO), 5∙35 (0∙15H, d, J 6∙3, Ins-1-OH), other signals obscured. 
 
 
4-O-tert-Butyldimethylsilyl-(2,3)(5,6)-dicyclohexylidene-myo-inositol (143) 
 
(+/-)- (2,3)(5,6)-O-Dicyclohexylidene-myo-inositol (47, Mr = 340∙42, 200 mg, 0∙587 mmol) was 
combined with imidazole (Mr = 68∙08, 50 mg, 0∙705 mmol, 1∙2 eq), evaporated from methyl 
cyanide (3 × 2 mL) and dissolved in dimethylformamide (10 mL).  A solution of TBS-Cl 
(Mr = 150∙72, 1 M soln. in methylene chloride, 0∙62 mL, 0∙617 mmol, 1∙05 eq) dissolved in 
dimethylformamide (20 mL) was added drop-wise over 2 h and the mixture stirred for 36 h at 
r.t.p.  The reaction mixture was quenched with water (10 mL), diluted with methylene chloride 
(100 mL), washed with water (4 × 300 mL), washed with brine (50 mL), dried (MgSO4) and 
concentrated in vacuo.  Flash chromatography (2∙5 cm diameter × 20 cm dry SiO2, eluted with 
ethyl acetate-petroleum spirit, 0:1 to 3:7, 100 mL portions) separated 
(2,3)(5,6)-O-dicyclohexylidene-1,4-O-di((tert-butyldimethyl)silyl)-myo-inositol (10-14% ethyl 
acetate), and regio-isomers 142 and 143 (18-28% ethyl acetate, ~5:1 mixture in favour of 143 (1H 
NMR spectroscopy), colourless oil, 187 mg, 70%).   
Rf (1:1 diethyl ether-petroleum spirit) 47 = 0∙10; 143 = 0∙20; DCI(TBS)2 = 0∙90 (identified by 
MS).   
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m/z (HR-ESI+) for 143, [M+H]+ = C24H46O6Si, calculated 455∙2829, found 
[M+H]+ = 455∙2817.   
H (143, 400 MHz, DMSO) 5∙34 (1H, d, J 6∙3, Ins-4-OH), 4∙23 (1H, t, J 4∙5, Ins-2-CH), 3∙91 
(2 × 1H, dd, J 6∙3, 4·5, Ins-3-CH, dt, J 10∙2, 6·3, 4·5, Ins-1-CH), 3∙69 (1H,  dd, J 10∙2, 10·0, 
Ins-6-CH), 3∙68 (1H,  dd, J 10∙0, 6∙3, Ins-4-CH), 3∙28 (1H, t, J 10∙0, Ins-5-CH), 1∙7-1∙2 (20H, m, 
10 × cyclohexyl CH2s), 0∙89 (9H, s, (CH3)3CSiR3), 1∙0, 0∙88 (6H, 2 × s, (CH3)2SiR2) ppm.   
H (142, 400 MHz, DMSO) 5∙48 (0∙2H, d, J 5∙3, Ins-1-OH), 4∙11 (0∙2H, dd, J 10∙1 4∙3, 
Ins-3-CH), 3∙26 (0∙2H, dd, J 8∙6, 11∙3, Ins-5-CH) ppm., other signals obscured.   
m/z (HR-ESI+) for C24H43O6Si calculated 455∙2829, found [M-H]
+ 455∙2817.   
 
 
1-O-phosphoroxy(dipropionitrile)-4-O-tert-Butyldimethylsilyl-(2,3)(5,6)-dicyclohexylidene-
myo-inositol (149) with minor isomer 4-O-phosphoroxy(dipropionitrile)-1- O-tert-
Butyldimethylsilyl-(2,3)(5,6)-dicyclohexylidene-myo-inositol (150) 
 
4-O-tert-Butyldimethylsilyl-(+/-)- (2,3)(5,6)-dicyclohexylidene-myo-inositol (a 2∙5:1 mixture 
of regio-isomers 142 and 143, Mr = 454∙68, 300 mg, 0∙66 mmol) was dissolved in methylene 
chloride and pyridine (9:1, 3 mL) to which N-methyl imidazole (Mr = 82∙08, 81 mg, 0∙99 mmol, 
1∙5 eq) and then dicyanotheyl phosphorochloridite (202, 75%, 0∙5 mM/mL stock solution in 
methylene chloride, Mr = 207∙57, 2 mL, 0∙99 mmol, 1∙5 eq) were added.  The mixture was 
stirred for 16 h after which time cyanoethanol (d = 1∙04, Mr = 71∙08, 90 µL, 1∙32 mmol, 2∙0 eq) 
was added, and the mitrue stirred for a further 2 h before tert-butyl hydroperoxide (5 M soln. in 
decanes, Mr = 90∙0, 300 µL, 1∙32 mmol, 2∙0 eq) was added and the mixture stirred for another 
2 h.  After this time, the reaction mixture was quenched (water, 2 mL).  Reverse phase flash 
chromatography (methyl cyanide-water, 1:9 to 1:0, 10% steps, 100 mL portions) and then 
normal phase flash chromatography (2 cm diameter × 10 cm dry SiO2, eluted with diethyl ether-
petroleum spirit, 1:1 to 1:0 [25% steps], then diethyl ether in methanol, 1:0 to 17:3 [5% steps], 
100 mL portions) released 142/143 (1:1-3:1 diethyl ether-petroleum spirit) and the title compound 
(149/150, 351 mg, white solid/foam, 83%).   
H (149, 400 MHz, CDCl3) 4∙85 (1H, ddd, J 10∙1, 8∙3, 4∙7, Ins-1-CH), 4∙5 (1H, t, J 4∙7, 
Ins-2-CH), 4∙28-4∙18 (4H, m, 2 × ROCH2CH2CN), 4∙0 (1H, dd, J 6∙3, 4∙7, Ins-3-CH), 3∙9 (1H, 
J 10∙1, Ins-6-CH), 3∙7 (1H, dd, J 10·1 6∙3, Ins-4-CH), 3∙5 (1H, t, J 10∙1 Ins-5-CH), 3∙0 (4H, t, 
J 6∙0, 2 × ROCH2CH2CN), 1∙75-1∙2 (20H, m, 10 × cyclohexyl-CH2s), 0∙9 (9H, s, (CH3)3CSiR3), 
0∙1 (6H, t, J 4∙0, (CH3)2SiR2) ppm.  
H (150, 400 MHz, CDCl3) 4∙5 (1H, ddd, J 7∙0, 8∙2, 10∙8, Ins-4-CH), 4∙28-4∙18 (4H, m, 
2 × ROCH2CH2CN), 3∙8 (1H, t, J 9∙7, Ins-6-CH), 3∙6 (1H, dd, J 10∙6, 9∙6, Ins-6-CH), 2∙9 (4H, t,  
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Ins-CH (144) Shift (ppm) Splitting J 
1 4∙31 dd 10∙2, 4∙7  
2 4∙05 t 4∙7 
3 3∙84 dd 6∙1, 4·7 
4 3∙68 dt 10∙2, 6·1  
5 3∙32 t 10∙2 
6 4∙00 t 10∙2 
4-OH 5∙55 d 5∙3 
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Ins-CH (148) Shift (ppm) Splitting  J  
1 3∙69 dd 9∙9, 5∙0 
2 3∙19 t 5∙0 
3 3∙55 dd 8∙1, 5∙0 
4 3∙75 t 8∙1 
5 3∙07 t 9∙9 
6 3∙62 t 9∙9 
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J 6∙0, 2 × RO-CH2CH2CN), 1∙75-1∙2 (20H, m, CH2s), 0∙9 (9H, s, tert-butyl CH3s), 0∙1  (6H, t,  
J 4∙0, Si(CH3)2, other signals obscured.   
P (262 MHz, DMSO), -2∙5 (150, 0.4P), -3∙3 (149, 1P) ppm.   
 
 
1-O-/4-O-tert-butyldiphenylsilyl-(2,3)(5,6)-dicyclohexylidene-myo-inositol isomers (144 and 
minor isomer 145) 
 
(+/-)- (2,3)(5,6)-O-Dicyclohexylidene-myo-inositol (47, Mr = 340∙42, 1∙0 g, 2∙94 mmol) and 
imidazole (Mr = 68∙08, 300 mg, 3∙53 mmol, 1∙5 eq) were combined and evaporated from methyl 
cyanide (3 × 2 mL).  This solid was then dissolved in methylene chloride (150 mL) and pyridine 
 (15 mL) and cooled to 0 °C.  A solution of TBDPS-Cl (Mr = 274∙85, 888 mg, 3∙23 mmol, 1∙1 eq) 
in methylene chloride (50 mL) was then added drop-wise over 2 h, and the mixture stirred for a 
further 16h, warming to 25 °C.  The mixture was quenched with water (5 mL), washed with 
water (1 × 100 mL) and CuSO4 (aq.) (0∙25 M, 2 × 200 mL), dried (MgSO4) and the solvent 
removed in vacuo (white solid, ~1∙5 g).  Flash chromatography (4 cm diameter × 15 cm dry SiO2, 
eluted with diethyl ether in petroleum spirit, 100 mL portions) released impurities (TBDPS-OH 
&c., 0-33% diethyl ether), and a mixture of 144 and 145 (45-60% diethyl ether, ~25:1 (1H NMR 
spectroscopy) 1∙04g, 61%).   
Rf (1:1 diethyl ether and petroleum spirit) mixture of 144 and 145 = 0∙30 
DCI(TBDPS)2 = 0∙90.  DCI(TBDPS)2 was identified by MS. 
m/z (HR-ESI+) for 144, C34H47O6Si calculated 579∙3143, found [M+H]
+ = 579∙3143.   
H (144, 400 MHz, DMSO) 7∙98 (2H, dd, J 6∙7, 1∙3), 7∙92 (2H, dd, J 6∙7, 1∙3), 7∙60 (2H, 
tt, J 7∙0, 1∙0), 7∙52 (4H, t, J 7∙2), 5∙55 (1H, d, J 5∙3, Ins-4-OH), 4∙31 (1H, dd, J 10∙2, 4∙7, 
Ins-1-CH), 4∙05 (1H, t, J 4∙7, Ins-2-CH), 4∙00 (1H, t, J , 10∙2, Ins-6-CH), 3∙84 (1H, dd, J 6∙1, 4·7, 
Ins-3-CH), 3∙68 (1H, dt, J 10∙2, 6·1, Ins-4-CH), 3∙32 (1H, t, J 10∙2, Ins-5-CH), 1∙90-1∙30 (20H, m, 
10 × cyclohexyl CH2s), 1∙30 (9H, s, (CH3)3CSiR3) ppm.   
H (145, 400 MHz; DMSO) 5∙4 (0∙21H, d, J 6∙5, Ins-1-OH), other signals obscured. 
 
 
1-O-(9-Phenylxanthen-9-yl)-4-O-tert-butyldiphenylsilyl-(2,3-5,6)dicyclohexylidene-myo-
inositol (148), releasing 144.  
 
mono-TBDPSdicyclohexylidenes 144 and 145 (mixture from procedure above, Mr = 578∙83, 
500 mg, 0∙864 mmol) was evaporated from toluene (3 × 1 mL) and dissolved in pyridine 
(13 mL).  9-chloro-9-phenylxanthene (Mr = 293∙82, 508 mg, 1∙73 mmol, 2∙0 eq) was added and  
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Ins-CH (138) Shift (ppm) Splitting  J  
1 3∙84 m - 
2 3∙24 t 4∙7 
3 3∙55 dd 4∙7, 6∙1 
4 3∙47 dt 6∙1, 10∙3 
5 2∙99 t 10∙3 
6 3∙84 m - 
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the reaction mixture stirred for 36 h.  The reaction mixture was quenched with water (5 mL), 
diluted with methylene chloride (100 mL), washed with water (6 × 300 mL), dried (MgSO4) and 
concentrated in vacuo (white solid, ~740 mg).  The crude material was adsorbed onto silica and 
fractionated by gradient flash chromatography (2∙5 cm diameter × 22∙5 cm dry SiO2, eluted with 
diethyl ether in petroleum spirit, 100 mL portions), affording 148 (1-5% diethyl ether, 90 mg), 
9-phenylxanthenol, (6-18% diethyl ether, 333 mg), and recovered 1-TBDPS ether 144 (25-75% 
diethyl ether, 356 mg).   
Rf (1:1 diethyl ether-petroleum spirit) mixture of 144 and 145 = 0∙20, 9-phenylxanthenol 
= 0∙55, 148 = 0∙60.   
m/z (HR-ESI+) for 148, [M+H]+ = C44H59O9Si, calculated 759∙3928, found 
[M+H]+ = 759∙3912.   
H (148, 400 MHz, CDCl3) 7∙63 (2H, dd, J 1∙3, 7∙7, TBDPS), 7∙58 (2H, dd, J 1∙3, 7∙6, TBDPS), 
7∙4-7∙05 (19H, m, (9-phenylxanthen-9-yl) and TBDPS), 6∙95 (1H, t, J 7∙4, 
(9-phenylxanthen-9-yl)), 6∙87 (1H, t, J 7∙5, (9-phenylxanthen-9-yl)), 3∙75 (1H, t, J 8∙1, Ins-4-CH), 
3∙69 (1H, dd, J 9·9, 5·0, Ins-1-CH), 3∙62 (1H, t, J 9∙9, Ins-6-CH), 3∙55 (1H, dd, J 8∙1, 5·0, 
Ins-3-CH), 3∙19 (1H, t, J 5∙0, Ins-2-CH), 3∙07 (1H, t, 9∙9, Ins-5-CH), 1∙6-1∙0 (20H, m, 
10 × cyclohexyl CH2s), 0∙95 (9H, s, (CH3)3CSiR3) ppm.  
 
 
1-O-(9-Phenylxanthen-9-yl)-(2,3)(5,6)-dicyclohexylidene-myo-inositol (138) 
 
(+/-)- (2,3)(5,6)-O-Dicyclohexylidene-myo-inositol (47, Mr = 340∙42, 200 mg, 0∙588 mmol) 
was evaporated from toluene (3 × 1 mL) and dissolved in THF (5 mL) to which was added 
nbutyl lithium (404 μL, 1∙6 M soln., 0∙646 mmol, 1∙1 eq) and the solution stirred for 15  min.  
9-chloro-9-phenylxanthene (Mr = 293∙82, 190 mg, 0∙646 mmol, 1∙1 eq) was then added as a 
solution (THF, 5 mL) in one portion and the mixture stirred for 16 h during which time the 
mixture was allowed to warm to room temperature.  Thereaction  mixture was quenched with 
water (1 mL), diluted with methylene chloride (100 mL), dried (MgSO4) and dried of solvent in 
vacuo.  The crude material was adsorbed onto silica and fractionated by flash chromatography 
(2∙5 cm diameter × 17∙5 cm dry SiO2, eluting with a gradient of ethyl acetate in petroleum spirit 
0:1-2:3 with 2% triethylamine, 100 mL portions), affording the title compound 138 as an off-white 
solid (25% ethyl acetate, 663 mg, 76%) and returned starting material 47 (35% ethyl acetate).   
m/z (HR- ESI+), 138,  [M+Na]+ = C37H40O7Na, calculated 619∙2672, found 
[M+Na]+ = 619∙2679.   
Rf (methylene chloride) 138 = 0∙90; 9-phenylxanthen-9-ol = 0∙50; 47 = 0∙10.   
H (400 MHz, CDCl3) 7∙45-7∙15 (11H, m, 9-phenylxanthen-9-yl group), 7∙07-6∙98 (2H, 
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Ins-CH (9) Shift (ppm) Splitting  J  
1 4∙29 dd 10∙1, 4∙5 
2 3∙94 t 4∙5 
3 4∙00 dd 7∙0, 4∙5 
4 5∙07 dd 10∙3, 7·0 
5 3∙50 dd 10∙3, 10∙1 
6 3∙99 t 10·1 
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2 × t, J 7∙4, 9-phenylxanthen-9-yl group), 5∙32 (1H, d, J 5∙3, Ins-4-OH), 3∙84 (2H, m, Ins-1-CH, 
Ins-6-CH), 3∙55 (1H, dd, J 6∙3, 4·7, Ins-3-CH), 3∙47 (1H, dt, J 10·3, 6·1, Ins-4-CH), 3∙24 (1H, 
t, J 4∙7, Ins-2-CH), 2∙99 (1H, t, J 10·3, Ins-5-CH), 1∙7-1∙1 (20H, m, 10 × cyclohexyl CH2s) ppm. 
 
 
1-O-/4-O-(9-phenylxanthen-9-yl)-(2,3)(5,6)-dicyclohexylidene-myo-inositol isomers (mixture 
of 138 and 139) 
 
(+/-)- (2,3)(5,6)-O-Dicyclohexylidene-myo-inositol (47, Mr = 340∙42, 250 mg, 0∙734 mmol) 
was evaporated from methyl cyanide (3 × 1 mL) and dissolved in pyridine (5 mL).  Once an 
homogenous solution had formed, 9-chlorophenylxanthene (Mr = 293∙82, 238 mg, 0∙81 mmol, 
1∙1 eq) was added drop-wise as a solution in pyridine (10 mL) and the reaction stirred for 36h.  
The reaction was quenched with water (1 mL), diluted with methylene chloride (100 mL), 
washed with water (5 × 200 mL), then with brine (100 mL), dried (MgSO4) and evaporated 
in vacuo.  Flash chromatography column (2∙5 cm diameter × 22∙5 cm dry SiO2, eluting with a 
gradient of ethyl acetate and petroleum spirit, 0:1 to 2:3 v/v) afforded (25% ethyl acetate) the title 
compound (mixture of  isomers 138 and 139) as an off-white solid (349 mg, 80%) at and unreacted 
starting material (47, 35% ethyl acetate).   
 
 
1-O-tert-Butyldiphenylsilyl-4-O-levulinoyl-(2,3)(5,6)-O-dicyclohexylidene-myo-inositol (155) 
 
(+/-)-1-O-tert-Butyldiphenylsilyl- (2,3)-(5,6)-O-dicyclohexylidene-myo-inositol (144, 
Mr = 578∙83, 200 mg, 0∙346 mmol) was evaporated from toluene (3 × 1 mL) and a solution of 
DCC (dicyclohexylcarbodiimide, Mr = 206∙5, 143 mg, 0∙691 mmol, 2∙0 eq) that had been 
dissolved in THF (5 mL) was added.  DMAP (Mr = 122∙17, 9 mg, 0∙07 mmol, 0∙2 eq) then 
levulinic acid (Mr = 116∙12, 81 mg, 0∙691 mmol, 2∙0 eq) were added.  The reaction mixture was 
stirred for 48 h, after which time it was quenched with water (2 mL), diluted with methylene 
chloride (100 mL), dried (MgSO4) and concentrated in vacuo to give an off-white solid (~450 mg).  
The material was adsorbed onto silica and fractionated by flash chromatography (2∙5 cm 
diameter × 17∙5 cm dry SiO2, eluting with a gradient of diethyl ether in petroleum spirit 10:1-1:10 
v/v, 100 mL portions), separating unreacted starting material 144 (5-65% diethyl ether, 95 mg) 
from the title compound 155 (65-100% diethyl ether, 123 mg, 53%).  
m/z (HR-ESI+) for 155, [M+H]+ = C44H59O9Si, calculated 677∙3510, found 
[M+H]+ = 677∙3517.   
Rf (diethyl ether) 144 = 0∙60, 155 = 0∙45.   
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Ins-CH (10) Shift (ppm) Splitting  J  
1 3∙96 ddd 9·6, 6∙4, 4∙4 
2 4∙26 t 4∙4 
3 4∙11 dd 7∙0, 4·4 
4 5∙06 dd 11∙1, 7·0 
5 3∙50 dd 11∙1, 9·6 
6 3∙77 t 9∙6 
1-OH 5∙46 d 6∙4 
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 H (400 MHz, DMSO) 7∙85 (2H, dd, J 1∙0, 6∙7), 7∙79 (2H, dd, J  1∙3, 6∙6), 7∙49 (2H, tt, J 1∙2, 
3∙8, 7∙3), 7∙41 (4H, t, J 7∙4)  (2 × phenyl), 5∙07 (1H, dd, J 10∙3, 7·0, Ins-4-CH), 4∙29 (1H, 
dd, J 10∙1, 4∙5, Ins-1-CH), 4∙00 (1H, dd, J 7∙0, 4∙5, Ins-3-CH), 3∙99 (1H, t, J 10∙1, Ins-6-CH), 3∙94 
(1H, t, J 4∙5, Ins-2-CH), 3∙50 (1H, dd, J 10∙3, 10∙1, Ins-5-CH), 2∙67 (2H, t, J 6∙5, 
CH3C(=O)CH2CH2COOR), 2∙5 (2H, t, J 6∙7, CH3C(=O)CH2CH2COOR), 2∙10 (3H, s, 
CH3(C=O)CH2CH2COOR), 1∙80-1∙15 (20H, m, 10 × cyclohexyl CH2s), 1∙03 (9H, s, 
tbutyl) ppm.  
C (125 MHz, DMSO) 206∙9 (1C, CH3(C=O)CH2CH2COOR), 171∙7 (1C, 
CH3(C=O)CH2CH2COOR), 136∙1, 135∙8, 134∙2, 133∙1, 130∙5, 130∙4, 128∙1, 128∙1 (10C, Si-
phenyl Cs), 112∙3, 110·0 (2 × acetal), 78∙6, 78∙0, 75∙2, 74∙9, 70∙7, 65∙4 (6 × Ins-CHs), 37∙7, 36∙8, 
36∙1, 34∙9, 28∙1, 27·0, 25∙0, 24∙9, 24∙1, 24∙1, 23∙9, 23∙7, 19∙5 (3 × methyls, tert-butyl), 15∙7 ppm.  
Quaternary carbon missing.   
m/z (HR-ESI+) for C39H53O8Si calculated 677∙3517, found [M-H]
+ 677∙3510.   
 
 
4-O-Levulinoyl-(2,3)(5,6)-O-dicyclohexylidene-myo-inositol (156) 
 
(+/-)-1-O-tert-Butyldiphenylsilyl-4-O-levulinoyl- (2,3)-(5,6)-O-dicyclohexylidene-myo-inositol 
(155, Mr = 676∙93, 100 mg, 0∙148 mmol) was dissolved in THF (5 mL) and TBAF (1 M in THF, 
177 µL, 0∙177 mmol, 1∙2 eq) was added.  The reaction mixture was stirred for 16h, after which 
time it was quenched with water (1 mL), diluted with ethyl acetate (100 mL), washed with water  
(3 × 100 mL) and then brine (1 × 100 mL), dried (MgSO4) and concentrated in vacuo.  The crude 
material was adsorbed onto silica and fractionated by flash chromatography (2∙5 cm diameter 
× 22∙5 cm dry SiO2, eluting 1:5-1:0 with a gradient system, diethyl ether and petroleum spirit, 
100 mL portions) affording the title compound as a white solid (60 mg, 92%).   
m/z (HR-ESI+) for 156, [M+H]+ = C23H35O8, calculated 439∙2332, found 
[M+H]+ = 439∙2325.   
Rf 156 = 0∙10 (diethyl ether), 0∙40 (ethyl acetate).   
H (400 MHz, DMSO) 5∙46 (1H, d, J 6∙4, Ins-1-OH), 5∙06 (1H, dd, J 11·1, 7∙0, Ins-4-CH), 
4∙26 (1H, t, J 4∙4, Ins-2-CH), 4∙11 (1H, dd, J 7∙0, 4∙7, Ins-3-CH), 3∙96 (1H, ddd, J 9·6, 6∙4, 4∙4, 
Ins-1-CH), 3∙77 (1H, t, J 9∙6, Ins-6-CH), 3∙50 (1H, dd, J 11∙1, 9·6, Ins-5-CH), 2∙70 (2H, t, J 6∙6, 
CH3(C=O)CH2CH2COOR), 2∙55 (2H, t, J 6∙6, CH3(C=O)CH2CH2COOR), 2∙12 (3H, s, 
CH3(C:O)CH2CH2COOR), 1∙70-1∙20 (20H, m, 10 × cyclohexyl CH2s) ppm.  
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Ins-CH (152) Shift (ppm) Splitting  J  
1 3∙71 dd 10∙4, 4∙5 
2 3∙30 t 4∙5 
3 3∙75 dd 6∙7, 4∙5, 
4 4∙60 ddd 10·4, 8∙4, 6·7 
5 3∙13 t 10∙4 
6 3∙46 t 10∙4 
 
 
 
O
O O
O
O OH
P
O
O
O
NC
NC  
153 
 
Ins-CH (153) Shift (ppm) Splitting J 
1 3∙96 ddd 10∙2, 6∙3, 4∙3  
2 4∙29 t 4∙3 
3 4∙19 dd 7∙2, 4∙3 
4 4∙42 ddd 10∙2, 8∙2, 7∙2  
5 3∙75 t 10·2 
6 3∙53 t 10·2 
1-OH 5∙47 d 6∙3 
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1-O-(9-Phenylxanthen-9-yl)-4-O-dsi(2-cyanoethyloxy)phosphoryl-(2,3)(5,6)-O-
dicyclohexylidene-myo-inositol (152) 
 
(+/-)-1-O-(9-Phenylxanthen-9-yl)- (2,3)(5,6)-O-dicyclohexylidene-myo-inositol (138, 
Mr = 596∙3, 200 mg, 0∙335 mmol) was evaporated from toluene (3 × 1 mL) and dissolved in 
methylene chloride (12 mL) and pyridine (2 mL).  N-Methyl imidazole (Mr = 82∙08, 
d = 1∙03 g/mL, 40 µL, 0∙503 mmol, 1∙5 eq) was added, followed by 
dicyanoethylphosphorochloridite (75%, 0∙5 M in methylene chloride, 1∙006 mL, 0∙503 mmol, 
1∙5 eq).  The mixture was stirred for 16 h after which time the reaction mixture was quenched 
with cyanoethanol (40 µL, d = 1∙014 g/mL) and the mixture stirred for another 15 min.  
tButylhydroperoxide (5 M in petroleum spirit, 134 µL, 0∙671 mmol, 2∙0 eq) was added and the 
mixture stirred for 16 h.  The bulk of the organic solvent was removed in vacuo and fractionated 
through a column of salinised silica, eluting with a gradient of methyl cyanide-water, 1:4 to 7:3, 
(100 mL portions) and flushed with ethyl acetate.  The appropriate fractions were combined, 
diluted with methylene chloride (100 mL), dried (MgSO4) and the solvent removed in vacuo.  The 
resulting thick colourless oil was then adsorbed onto silica and fractionated by flash  
chromatography (1∙5 cm diameter × 8 cm dry SiO2, eluting with a gradient of ethyl acetate-
petroleum spirit 0:1-4:1 v/v), to afford the title compound 152 (40%–80% ethyl acetate, 220 mg, 
84%). 
Rf (diethyl ether) 152 = 0∙40.   
H (400 MHz, CDCl3) 7∙48 (1H, dd, J 1∙0, 8∙3), 7∙47 (1H, dd, 1∙0, 8∙3), 7∙42 (1H, dd, J 1∙3, 
7∙7), 7∙41 (1H, dd, J 1∙3, 7∙7), 7∙33-7∙26 (5H, m), 7∙21-7∙15 (2H, m), 7∙02 (1H, dt, J 1∙1, 7∙5), 6∙93 
(1H, dt, 1∙0, 7∙5) (13h, 9-phenylxanthanyl-), 4∙60 (1H, ddd, J 10·4, 8∙4, 6·7, Ins-4-CH), 3∙75 (1H, 
dd, J 6∙7, 4∙5, Ins-3-CH), 3∙71 (1H, dd, J 10∙4, 4·5, Ins-1-CH), 3∙46 (1H, t, J 10∙4, Ins-6-CH), 3∙30 
(1H, t, J 4∙5, Ins-2-CH), 3∙13 (1H, t, J 10∙4, Ins-5-CH), 1∙8-1∙2 (20H, m, 10 × cyclohexyl CH2s) 
ppm.   
P (162 MHz, CDCl3) -2∙80 (1P, s), -2∙70 (1P, s, tricyanoethylphosphate) ppm. 
 
 
4-O-Di(2-cyanoethyloxy)phosphoryl-(2,3)(5,6)-O-dicyclohexylidene-myo-inositol (153) 
 
 (+/-)-1-O-(9-Phenylxanthen-9-yl)-4-O-di(2-cyanoethyloxy)phosphoryl- (2,3)(5,6)-
dicyclohexylidene-myo-inositol (152, Mr = 784∙83, 100 mg, 0∙1274 mmol) was dissolved in 
methylene chloride (5 mL), to which was added: pyrrole (Mr = 67∙09, d = 0∙967 g/mL, 89 µL, 
1∙274 mmol, 10∙0 eq) then dichloroacetic acid (Mr = 128∙94, d=1∙563 g/mL, 21 µL, 
0∙2548 mmol, 2∙0 eq).  After 1 minute the reaction was quenched with 0∙2 M sodium acetate  
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Ins-CH (162) Shift (ppm) Splitting J 
1 5∙31 dd 10∙5, 4∙3 
2 4∙54 dd 8·2, 4∙3 
3 4∙00 dd 8∙2, 8∙2 
4 5∙18 dd 11∙3, 8∙2 
5 3∙78 t 11∙3 
6 ~4∙2 t - 
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buffer (1 mL) and sat. aq. sodium bicarbonate soln. (1 mL).  The reaction mixture was diluted 
with methylene chloride (100 mL), dried (MgSO4), and dried of solvent in vacuo to give a brown 
oil (~100 mg).  The crude material was adsorbed onto silica and fractionated by gradient flash 
chromatography (2∙5 cm diameter × 8 cm dry SiO2, eluting with diethyl ether-methanol, 1:0-9:1 
v/v) afforded the title compound (1%–10% methanol, 153, 46 mg, 68%). 
Rf (1:9 methanol-diethyl ether) 153 = 0∙40, 152 = 0∙85. 
m/z (HR-ESI+) for 153, C24H36O9P, calculated 527∙2158, found [M+H
+] 527∙2151.   
H (400 MHz, DMSO) 5∙47 (1H, d, J 6∙3, Ins-1-OH), 4∙42 (1H, ddd, J 10∙2, 8∙2, 7∙2, 
Ins-4-CH), 4∙29, (1H, t, J 4∙3, Ins-2-CH), 4∙26-4∙195 (4H, m, Ins-OP(=O)(OCH2CH2CN)2 ), 4∙19 
(1H, dd, J 7∙2, 4∙3, Ins-3-CH), 3∙96 (1H, ddd, J 10∙2, 6∙3, 4∙3, Ins-1-CH), 3∙75, (1H, t, 10∙2, 
Ins-5-CH), 3∙53, (1H, t, J 10∙2, Ins-6-CH), 2∙95, (2 × 2H, 2 × t, J 5∙9, ROP:O(OCH2CH2CN)2), 
1∙7-1∙25 (20H, m, 10 × cyclohexyl CH2s) ppm.   
P (162 MHz, DMSO) -1∙072 (1P, s, PV).   
C (125 MHz, DMSO) 118∙0 (2 × RCN), 111∙9, 109∙7 (2 × acetals), 81∙4, 78∙6, 78∙4, 77∙1, 
75∙4, 67∙4, 62∙3, 62∙2, (8C, R2COR) 37∙1, 35∙9, 35∙9, 34∙7, 23∙5, 23∙4, 23∙4, 23∙2, 19∙0, 18∙9 (10C, 
cyclohexyl) ppm.   
 
 
(1,4)-di-(-)-menthoxyacetoyl-(2,3)(5,6)-O-dicycloexylidene-myo-inositol (162) 
 
(+/-)-(2,3)(5,6)-O-Dicyclohexylidene-myo-inositol (47, Mr = 340∙42, 500 mg, 1∙47 mmol) 
was evaporated from pyridine (3 × 2 mL) and a stirred solution of dicyclohexylcarbodiimide 
(Mr = 206∙5, 668 mg, 3∙23 mmol, 2∙2 eq) in THF (20 mL) was added.  Dimethyl-aminopyridine 
(Mr = 122∙17, 90 mg, 0∙735 mmol, 0∙5 eq), and (-)-menthoxyacetic acid (66, Mr = 214∙28, 
804 mg, 3∙745 mmol, 2∙6 eq) were added and the reaction mixture stirred for 16 h before the 
being quenched with water (5 mL), diluted with methylene chloride (200 mL), dried (MgSO4) 
and the solvent removed in vacuo.  The white solid was redissolved (9:1 petroleum spirit-
methylene chloride, 100 mL), and filtered.  The solvent was removed in vacuo to give a white 
foam (1∙355 g).  The material was absorbed onto silica and fractionated by flash chromatography 
(2∙5 cm diameter × 8 cm dry SiO2, eluting with diethyl ether-petroleum spirit 0:1-3:2 v/v, 100 mL 
portions), affording  the title compound (4-12% diethyl ether), the desired product (16–30% 
diethyl ether, 162, 1∙024 g, 95%). 
m/z (HR-ESI+) for 162, C42H69O10, calculated 733∙4891, found [M+H
+] 733∙4891.   
H (400 MHz, DMSO) 5∙31 (1H, dd, J 10∙5, 4∙3, Ins-1-CH), 5∙18 (1H, dd, J 11∙3, 8∙2, 
Ins-4-H), 4∙54 (1H, dd, J 8∙2, 4·3, Ins-2-H), 4∙3-4∙1 (5H, m, 2 × ROCOCH2CH2OR′, Ins-6-H), 
4∙00, (1H, dd, J 8∙2, 8∙2, Ins-3-CH), 3∙78 (1H, t, J 11∙3, Ins-5-CH), 3∙16 (2H, dd, J 10∙5, 3∙9,  
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menthoxyacetyl), 2∙25 (2H, m, menthoxyacetyl), 2∙08 (2H, m, menthoxyacetyl), 1∙80-1∙05 (28H, 
m, 10 × cyclohexyl CH2s, menthoxyacetyl), 1∙00-0∙85 (24H, m, menthoxyacetyl).   
 
 
S-Acetyl Mandelic Acid‡ (67) 
 
S-Mandelic acid (Mr = 152∙15, 5∙0 g, 32∙86 mmol) was mixed with acetyl chloride (10 mL) 
and stirred for 1 h, during which time all the solid dissolved.  The volatile components were 
removed in vacuo to leave a white solid to which water (50 mL) was added and gentle heat 
applied.  The solid dissolved and upon dilution in water (400 mL) and cooled (ice bath) affording 
the product as needle-shaped colourless crystals formed.  These were filtered from the 
supernatant and upon standing, a second crop of crystals was produced.  The combined isolated 
crystals (6∙06 g, 95%) were used without further purification. 
m/z (EI+) for 67, [M]+ = C10H9O4 calculated 194∙0579, found [M+H]
+ = 194∙0581.   
H (400 MHz, CDCl3) 7∙48-7∙47 (2H, m, Hs), 7∙40-7∙39 (3H, m, phenyl-Hs), 5∙93 (1H, s, 
α-CH), 2∙19 (3H, s, CH3). 
C (125 MHz, CDCl3)  173∙9, 170∙6 (2 × C=O), 133∙2 (1C, ipso-C), 129∙4 (1C), 128∙9 (2C), 
127∙7 (2C), 74∙2 (1C, α-CH), 20∙6 (1C, CH3). 
 
 
1,4-O-Di(S-acetylmandelyl)-(2,3)(5,6)-O-dicyclohexylidene-myo-inositol (108) and 3,6-O-
Di(S-acetylmandelyl)-(1,2)(4,5)-dicyclohexylidene-myo-inositol (161)‡  
 
(+/-)-(2,3)(5,6)-O-Dicyclohexylidene-myo-inositol (47, Mr = 340∙42, 2∙0 g, 5∙875 mmol, 
1∙0 eq) and S-acetyl mandelic acid (67, Mr = 194∙18, 3∙422 g, 17∙63 mmol, 3∙0 eq), were 
evaporated from methyl cyanide (3 × 4 mL).  The residue was redissolved in methylene chloride 
(15 mL) and N-methyl imidazole (168, Mr = 82∙11, d = 1∙03 g/mL, 4∙684 mL, 58∙75 mmol, 
10∙0 eq) was added and stirred until homogenous.  The mixture was cooled to 0 °C (water/ice 
bath) after which 2,6-dichlorobenzoyl chloride (166, Mr = 209∙46, d = 1∙463, 2∙10 mL, 
14∙7 mmol, 2∙5 eq) was added in ten portions three minutes apart (10 × 210 µL).  The reaction 
was complete by TLC in <20 min, quenched with water (2 mL), diluted with diethyl ether 
(400 mL), washed with water, (2 × 100 mL), dried (Na2SO4), dried of solvent in vacuo to leave an 
off-white solid (5∙0 g, quant. mass recovery).  1H NMR spectroscopy (CDCl3, 0∙01 M 
triethylamine, integrations of Ins-2-CH) indicates 47∙5% (–)-47 derivative, 3∙4% epimerised 108 
(two isomers visible) and 49∙0% (+)-47 derivative with neither mono-acylated isomers nor starting 
material (47) visible.  The white solid was dissolved in ethyl acetate, to which an equal volume of  
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Ins-CH (161) Shift (ppm) Splitting J 
1 4∙14 dd 6∙8, 4·6 
2 4∙57 d 4∙6 
3 5∙01 dd 10·2, 4·6 
4 4∙05 dd 10∙2, 10∙0 
5 3∙24 dd 11∙1, 10∙0  
6 5.22 dd 11∙1, 6∙8 
 
 
 
 
Ins-CH (108) Shift (ppm) Splitting J 
1 5∙04 dd 10∙5, 4·6 
2 4∙37 d 4∙6 
3 3∙80 dd 6∙8, 4·6 
4 5∙18 dd 10∙4, 6·8 
5 3∙43 dd 10∙5, 10·4 
6 4∙06 t 10∙5 
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a mixture of n-hexane and cyclohexane (7:3, v/v) was added.  The solution was cooled at 5 °C 
for 48 h whereupon white crystals of 108 had formed.  Successive crystallisations afforded greater 
purity of this isomer.   
Rf 108/161 (ethyl acetate-petroleum spirit, 1:1) = 0∙7, (ethyl acetate) = 0∙83.   
 
 
1,4-O-Di(S-acetylmandelyl)-(2,3)(5,6)-dicyclohexylidene-myo-inositol (108)    
 
  +36∙65° (c 4∙70, CH2Cl2).   
m/z (HR-ESI+) for 108, C38H45O12,  calculated 693∙2911, found [M-H]
+ = 693∙2900. 
H (400 MHz, CDCl3 with 0∙01 M triethylamine, COSY) 7∙50-7∙47 (2H, m), 7∙45-7∙42 (2H, 
m ), 7∙35-7∙32 (6H, m) (10H, phenyl-CHs), 6∙09 (1H, s, α-CH), 6∙06 (1H, s, α-CH), 5∙18 (1H, 
dd, J 10∙4, 6∙8, Ins-4-CH), 5∙04 (1H, dd, J 10∙5, 4∙6, Ins-1-CH), 4∙37, (1H, t, J 4∙6, Ins-2-CH), 4∙06 
(1H, t, J 10∙0, Ins-6-CH), 3∙80 (1H, dd, J 6∙8, 4·6, Ins-3-CH), 3∙43 (1H, dd, J 10∙5, 10∙4, 
Ins-5-CH), 2∙17 (3H, s, CH3), 2∙14 (3H, s, CH3), 1∙69-1∙12 (20H, m, 10 × cyclohexyl CH2s). 
C (125 MHz, CDCl3 with 0∙01 M triethylamine) 170∙06, 169∙9 (2C, acetyl ester carbonyls), 
168∙1, 167∙8 (2C, inosityl ester carbonyls), 134∙0, 133∙5, (2C, ipso-CHs), 129∙2 (2C), 128∙7 (2C), 
128∙6 (2C), 128∙2 (2C), 127∙8 (2C) (10C, phenyl-CHs), 113∙9, 111∙0 (2C, acetals), 78∙6 (1C, 
Ins-3-CH), 76∙0 (1C, Ins-4-CH), 75∙2 (1C, Ins-5-CH), 74∙4 (1C, Ins-2-CH), 74∙2 (2C, α-CHs), 
74∙1 (1C, Ins-6-CH), 71∙8 (1C, Ins-1-CH), 37∙2, 36∙3, 36∙2, 34∙6, 24∙9, 24∙7, 23∙62 (2C), 23∙57,  
23∙2 (10C, cyclohexyl CH2s), 20∙73, 20∙66 (2C, methyls).  
 
 
(+)-3,6-O-Di(S-acetylmandelyl)-(1,2)(4,5)-dicyclohexylidene-myo-inositol (161) 
 
 +56∙98° (c 2∙65, CH2Cl2).   
m/z (HR-ESI+) for 161, C38H45O12,  calculated 693∙2911, found [M+H]
+ = 693∙2927. 
H (400 MHz, CDCl3 with 0∙01 M triethylamine) 7∙53-7∙50 (2H, m), 7∙46-7∙43 (2H, m), 7∙37-
7∙33 (6H, m) (10H, phenyl-CHs), 6∙11 (1H, s, α-CH), 6∙00 (1H, α-CH), 5∙22 (1H, dd, J 11∙1, 6∙8, 
Ins-6-CH), 5∙01 (1H, dd, J 10∙2, 4∙6, Ins-3-CH), 4∙57 (1H, t, J 4∙6, Ins-2-CH), 4∙14 (1H, dd, J 6∙8, 
4·6, Ins-1-CH), 4∙05 (1H, dd, J 10∙2, 10·0, Ins-4-CH), 3∙24 (1H, dd, J 11∙1, 10·0, Ins-5-CH), 2∙18 
(3H, s, CH3), 2∙17 (3H, s, CH3), 1∙78-1∙33 (20H, m, 10 × cyclohexyl CH2s).   
C (125 MHz, CDCl3 with 0∙01 M triethylamine) 170∙2, 169∙9, 168∙3, 167∙7, (4C, C=O), 
134∙0, 133∙3, (2C, ipso-Cs), 129∙2, 129∙1, 128∙7 (2C), 128∙6 (2C), 128∙1 (2C), 127∙8 (2C), (10C, 
phenyl-CHs), 113∙4, 111∙5, (2C, acetals), 78∙3, 76∙1, 75∙7, 74∙6 (2C), 74∙1 (2C), 71∙8 (8C,  
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Ins-CH (163) Shift (ppm) Splitting J 
1 5∙07 dd 9·9, 4·5 
2 4∙24 d 4∙5 
3 3∙94 dd 7·7, 4·5 
4 5∙16 dd 9·9, 7·7 
5 3∙55 t 9∙9 
6 4∙11 t 9∙9 
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Ins-CH (47) Shift (ppm) Splitting J 
1 3∙85 dd 6∙4, 4·8 
2 4∙22 d 4∙8 
3 3∙88 dd 6∙2, 4·8 
4 5∙52 dd 10∙2, 5·6 
5 3∙22 t 10·2, 10·2 
6 3∙64 t 10∙2 
1-OH 5∙23 d 6∙4 
4-OH 5∙43 d 5∙6 
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6 × inositol-CHs and 2 × Φ-CHs), 37∙4, 36∙1, 36∙0, 34∙8, 24∙8 (2C), 23∙8, 23∙5, 23∙4, 23∙4 
(10 × cyclohexyl CH2s), 20∙7, 20∙6 (2 × CH3).   
 
 
(+)-1,4-O-Di(S-acetylmandelyl)-(2,3)-cyclohexylidene-myo-inositol (163)  
 
Preparation of a sample for NMR spectroscopy in a standard tube at a concentration of 
8 mg/mL of 108 in CDCl3 produces exclusively 163 and cyclohexanone in 36 h. 
Rf (ethyl acetate) 163 = 0∙6.   
m/z (HR-ESI+) for C32H37O12 (163) calculated 612∙2285, found [M+H]
+ 612∙2261. 
H (400 MHz, CDCl3) 7∙57-7∙55 (2H, m), 7∙52-7∙50 (2H, m), 7∙42-7∙39 (6H, m), 6∙02 (1H, s, α-
CH), 5∙93 (1H, s, α-CH), 5∙16 (1H, dd, J 9·8, 7·7, Ins-4-CH), 5∙07 (1H, dd, J 9∙8, 4∙5, Ins-1-CH), 
4∙24 (1H, t, J 4∙5, Ins-2-CH), 4∙11 (1H, t, J 9∙8, Ins-6-CH), 3∙94 (1H, dd, J 7∙7, 4∙5, Ins-3-CH), 
3∙55 (1H, t, J 9∙8, Ins-5-CH), 2∙34 (3H, s, CH3), 2∙21 (3H, s, CH3), 1∙89 (2 × 2H, 2 × dt, 
J 6∙3, 12∙7), 1∙79-1∙72 (2H, m), 1∙70-1∙63 (2H, m), 1∙4 (2H, m) (8H, cyclohexyl-CH2s).  
Cyclohexanone: 2∙37 (2 × 2H, t, J 9∙7, α-Hs), 1∙43-1∙21 (6H, m).   
 
 
(+)-(2,3)(5,6)-O-Dicyclohexylidene-myo-inositol (47, from 108) 
 
1,4-O-Di(S-acetylmandelyl)-(2,3)(5,6)-dicyclohexylidene-myo-inositol (108, Mr = 692∙18, 
1∙385 g, 2∙000 mmol, 1∙0 eq) and potassium hydroxide (Mr = 56∙11, 3∙362 g, 60∙03 mmol, 
30∙0 eq.) were dissolved in ethanol (96%, 100 mL), and stirred for 2 h.  The reaction was buffer-
quenched with ammonium chloride (Mr = 53∙49, 3∙211 g, 60∙03 mmol, 30∙0 eq.), diluted with 
diethyl ether (300 mL), washed (water, 3 × 1,000 mL), dried (Na2SO4), and the solvent removed 
in vacuo to give a colourless foam-gum (620 mg, 91%).   
+16∙12° (c 2∙74, CH2Cl2).   
Rf (diethyl ether-methanol 9:1) 47 = 0∙60, (diethyl ether) 47 = 0∙43, (ethyl acetate-petroleum 
spirit 1:1) 47 = 0∙22.   
m/z (HR-ESI+) for 47, [M+H]+ = C18H29O6, calculated 341∙1964, found [M+H]
+ 341∙1956. 
H (400 MHz, DMSO) spectra and other data (Carbon NMR spectroscopy) proved 
indistinguishable from those for the racemic mixture of this compound86.   
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Ins-CH (69) Shift (ppm) Splitting J 
1 5∙20 dd 10·5, 4·6 
2 4∙67 d 4·6 
3 4∙26 dd 6∙8, 4·6 
4 5∙37 dd 10∙5, 6·8 
5 3∙52 t 10∙5 
6 4∙14 t 10∙5 
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Ins-CH (137) Shift (ppm) Splitting J 
1 4∙84 ddd 10∙3, 8∙3, 5·6 
2 4∙5 d 5·6 
3 4∙00 dd 5∙8, 5·6  
4 3∙60 dd 10∙3, 5∙8 
5 3∙46 t 10∙3 
6 3∙85 t 10∙3 
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(1,4)-Di-camphanyl-(2,3)(5,6)-O-dicyclohexylidene-myo-inositol‡ (69)  
 
(2,3)(5,6)-O-Dicyclohexylidene-myo-inositol (47 from 108, Mr = 340∙42, 50 mg, 
0∙147 mmol, 1∙0 eq) and 1S-(–)-camphanyl chloride (Mr = 216∙67, 70 mg, 0∙323 mmol, 2∙2 eq) 
were dissolved in pyridine-methylene chloride (3:2, 5 mL) and stirred for 4 h.  The reaction 
mixture was then diluted with diethyl ether (100 mL), washed with water (3 × 400 mL), dried 
(Na2SO4), and the solvent removed in vacuo to leave a white solid (98 mg, 95%). 
Rf 69 (diethyl ether) = 0∙67, (ethyl acetate-petroleum spirit, 1:1) = 0∙48.   
m/z (HR-ESI+) for C38H53O12 (69) calculated 701∙3537, found [M+H]
+ 701∙3522. 
H (400 MHz, CDCl3 with 0∙01 M triethylamine, COSY) 5∙37 (1H, dd, J 7∙0, 11∙1, 
Ins-4-CH), 5∙20 (1H, dd, J 4∙2, 10∙5, Ins-1-CH), 4∙67 (1H, t, J 4∙4, Ins-2-CH), 4∙26 (1H, dd, J 5∙1, 
6∙5, Ins-3-CH), 4∙14 (1H, t, J 10∙0, Ins-6-CH), 3∙52 (1H, t, J 10∙3, Ins-5-CH), 2∙51 (2H, dt, J 3∙6, 
10∙3, ), 2∙10 (2H, m, ), 1∙95 (2H, m, ), 1∙51 (20H, m, CH2s), 1∙13 (3 × 3H, m, 3 × methyls), 1∙05 
(3H, s, methyl), 0∙99 (2 × 3H, 2 × s, 2 × methyls).    
C (125 MHz, CDCl3 with 0∙01 M triethylamine) 178∙24, 177∙90, 166∙73, 166∙53, (4C, 
4 × C=O) 113∙88, 111∙54, (2C, acetals), 91∙08, 91∙00, (2C, camph), 78∙44, 75∙61, 75∙44, 74∙40, 
74∙36, 71∙80 (6C, 6 × Ins-CH), 54∙90, 54∙82, 54∙79, 54∙49 (4C, camph), 37∙49, 36∙40, 35∙99, 
35∙02, 30∙57, 30∙34, 29∙07, 28∙93, 24∙82, 24∙75, 23∙82, 23∙71, 23∙62, 23∙53 (14C, 10 × cyclohexyls 
and camph CH2s), 16∙80, 16∙63, 16∙52, 16∙40, 9∙70, 9∙68 (CH3s).   
 
 
(-)-1-O-(Dicyanoethyloxy)phosphoryl-(2,3)(5,6)-O-dicyclohexylidene-myo-inositol‡ (137) 
 
(+)-(2,3)(5,6)-Dicyclohexylidene-myo-inositol (47, Mr = 340∙42, 1 g, 2∙94 mmol, 1∙0 eq) was 
evaporated from methyl cyanide (3 × 2 mL), dissolved in methylene chloride (27∙0 mL) and 
pyridine (3∙0 mL) and tricyanoethyl phosphite (80%, Mr = 240∙2, 424 mg, 1∙76 mmol, 0∙7 eq) 
was added.  Once cooled to –50 °C using a methyl cyanide cooling bath, pyridinium bromide 
perbromide (90%, tech. grade, 702 mg, 2∙06 mmol, 0∙6 eq) was added and the mixture stirred for 
~3 h.  On reaching –20 °C the reaction mixture was quenched with water (10 mL), diluted with 
ethyl acetate (100 mL), washed with water (3 × 500 mL), dried (Na2SO4), and the solvent 
removed in vacuo to leave a foam (1∙3 g).  The crude material was adsorbed onto silica 
fractionated by flash chromatography (2∙5 cm diameter × 22∙5 cm dry SiO2, eluting with diethyl 
ether-methanol, 1:0-7:3), afforded starting material 47 (100% diethyl ether, 220 mg), and the title 
compound as a white foam/gum (137, 1%–15% methanol, 600 mg, 77∙6%).   
Rf (diethyl ether-methanol 9:1) 137 = 0∙4.   
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Ins-CH (173) Shift (ppm) Splitting  J  
1 3∙82 dt 9∙6, 2∙7  
2 4∙13 t 2∙7 
3 3∙45 dd 9∙6, 2∙7 
4 3∙53 t 9∙6 
5 3∙22 t 9∙6 
6 3∙63 t 9∙6 
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 –12∙68° (c 1∙98, CH2Cl2).   
m/z (HR-ESI+) for 137 [M+H]+ = C24H36O9N2P, calculated 527∙2158, found 
[M+H]+ = 527∙2141.   
H (400 MHz, DMSO) 5∙62 (1H, d, J 5∙3, Ins-4-OH), 4∙84 (1H, ddd, J 10·3, 8·3, 5·6, 
Ins-1-CH), 4∙3-4∙2 (2 × 2H, m, 2 × R-OCH2CH2CN), 4∙13 (1H, t, J 2·7, Ins-2-CH), 4∙00 (1H, dd, 
J 5∙8, 5∙6, Ins-3-CH), 3∙85 (1H, t, J 10∙3, Ins-6-CH), 3∙6 (1H, dt, J 10∙3, 5∙8, Ins-4-CH), 3∙46 (1H, 
t, J 10∙3, Ins-5-CH), 3∙00 (2 × 2H, m, 2 × R-OCH2CH2CN), 1∙75-1∙2 (20H, m, 10 × cyclohexyl 
CH2s).   
P (162 MHz, DMSO) -3∙2, (1P, s).   
C (125 MHz, DMSO) 118∙5 (2C, ROCH2CH2CN), 110∙03, 112∙3 (2C, acetals), 82∙2, 77∙9, 
76∙1, 75∙4, 73∙8 (2C), (6C, Inositol CHs), 63∙1, 62∙9 (2C, CH2CH2CN), 37∙8, 36∙4, 36∙3 (2C), 
35∙2, 24∙9 (2C), 24∙1, 23∙9 (2C), (10C, 10 × cyclohexyl CH2s), 19∙9 (2C, CH2CH2CN).  
 
 
myo-Inositol-1-O-phosphate (173)  
 
1-O-Di(2-cyanoethyloxy)phosphoryl-(2,3)(5,6)-O-dicyclohexylidene-myo-inositol (137, 
Mr = 526∙53, 112 mg, 0∙213 mmol) was dissolved in methyl cyanide-methylene chloride (1:1 v/v, 
2 mL) and trimethylsilyl  chloride (Mr = 108∙64, d = 0∙865 g/mL, 156 µL, 6∙0 eq.) was added, 
followed by N,N,N′,N′-tetramethyl-N′′-tert-butylguanidine (Barton‘s base, Mr = 171∙3, 
d = 1∙457g/mL, 86 µL, 5∙0 eq.) and the mixture was stirred for 16 h.  The solution was 
evaporated in vacuo (oil pump) and the residue triturated with petroleum spirit-TMS-Cl (9:1 v/v)  
under nitrogen; a single signal at P -19∙0 confirmed complete exchange of the cyanoethyl 
phosphate esters.  The filtrate was evaporated to dryness and the residue taken up in 1M 
methanolic ammonia (5 mL), stirring for 20 min.  The solvents were again evaporated in vacuo, 
and the residue taken up in acetic acid-water (2:3 v/v, 3 mL), stirring for 24 h.  The solution was 
then diluted with water and freeze-dried to give a crystalline material (60 mg, 102% assuming 
mono-ammonium salt). 
m/z (HR-ESI-) for C6H12O9P calculated 259∙0219, found 259∙0210.   
H (400 MHz, D2O) 4∙13 (1H, t, J 2∙7, Ins-2-CH), 3∙82 (1H, dt, J 9∙6, 2∙7, Ins-1-CH), 3∙63 
(1H, t, J 9∙6, Ins-6-CH), 3∙53 (1H, t, J 9∙6, Ins-4-CH), 3∙45 (1H, dd, J 9∙6, 2∙7, Ins-3-CH), 3∙22 
(1H, t, J 9∙6, Ins-5-CH).   
P (162 MHz, D2O) 0∙43. 
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sn-3-O-benzyl- 1,2-O-isoproylidene glycerol‡ (175) 
 
S-(+)-1,2-O-isopropylidene glycerol (174, Mr = 132∙18, 1 g, 7∙565 mmol, 1∙0 eq) was 
dissolved in dimethylformamide (DMF, 20 mL), cooled to 0 °C and sodium hydride (60% 
dispersion in mineral oil, Mr = 24∙1, 334 mg, 8∙322 mmol, 1∙05 eq), was added.  Once the 
effervescence had subsided, benzyl chloride (Mr = 126∙59, 871 µL, 7∙565 mmol, 1∙0 eq) was 
added in one portion and the mixture stirred for 36h.  The reaction mixture was quenched with 
water (4 mL), diluted with diethyl ether (100 mL), washed with water (2 × 800 mL), dried 
(MgSO4), and the solvent removed in vacuo to leave a pale yellow oil (1∙55 g, quant.).  NMR 
spectroscopy indicated that no further purification was required. 
Rf (ethyl acetate-petroleum spirit 1:1) 175 = 0∙80.   
m/z (Ammonium C.I.) for C13H18O3 [M]
+ 222∙1 and [M+NH4]
+ = 240.    
H (400 MHz, CDCl3 with 0∙01 M triethylamine, COSY) 7∙38-7∙28 (5H, m, phenyl), 4∙60 
(2H, 2 × d, J 12∙2, benzyl), 4∙33 (1H, quin., J 6∙1, glyceryl-2-CH2), 4∙08 (1H, dd, J 8∙2, 6∙5; 3∙77 
(1H, dd, J 8∙2, 6∙1)) (glyceryl-1-CH2), 3∙58 (1H, dd, J 9∙7, 6·1; 3∙50 (1H, dd, J 9∙8, 5∙6)) 
(glyceryl-3-CH2), 1∙44 (3H, s, CH3), 1∙39 (3H, s, CH3). 
C (125 MHz, CDCl3 with 0∙01 M triethylamine) 137∙9 (2C), 128∙4 (2C), 127∙7, 109∙4 (1C, 
acetal), 74∙7, 73∙5, 71∙0, 66∙8, 29∙7, 25∙4.  Quaternary ipso-CH missing. 
 
 
3-O-benzyl-sn-glycerol‡ (176) 
 
sn-3-O-benzyl-1,2-O-isoproylidene glycerol (175, Mr = 222∙1, 2∙0 g, 9∙0 mmol, 1∙0 eq) was 
dissolved in a solution of methylene chloride (50 mL), water (5 mL) and trifluoroacetic acid 
(TFA, Mr = 114∙02, 10 mL) were added and the solution stirred for 16 h.  After this time, the 
reaction was quenched with sodium carbonate (Mr = 105∙99, 10 g, 1∙4 eq, added slowly), diluted 
with ethyl acetate (300 mL), washed with water (2 × 200 mL), dried (MgSO4), and the solvents 
removed in vacuo.  The translucent yellow oil was adsorbed onto silica fractionated by gradient 
flash chromatography (2∙5 cm diameter × 15 cm dry SiO2, eluting with methylene chloride-
methanol 1:0-3:17 v/v), affording the title compound (1:0∙01-0∙15, 176, 1∙08 mg, 66%).   
Rf  (petroleum spirit-ethyl acetate 1:1) 176 = 0∙20; (methylene chloride-methanol 9:1) = 0∙50.   
m/z (HR-ESI+) for 176, [M+H]+ = C10H15O3, calculated 182∙0943, found [M-H]
+ 182∙0942.   
H (400 MHz, CDCl3) 7∙41-7∙30 (5H, m, Φ-Hs), 4∙57 (2H, 2 × s, Φ-CH2OR), 3∙95 (1H, dt, 
J 5∙1, 4∙0, glyceryl-2-CH), 3∙76-3∙64 ([1H, dd, J 11∙3, 5∙1] and [1H, dd, J 11∙3, 5∙1,], 
glyceryl-1-CH2), 3∙57 (2H, 2 × dd, J 9∙8, 5∙1, glyceryl-3-CH2), 2∙96 (2H, s, 2 × -OH). 
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C (125 MHz, CDCl3) 137∙58, (1C, ipso-C), 128∙52 (2C, Φ-CHs), 127∙95 (1C, Φ-CH), 127∙86 
(2C, Φ-CHs), 73∙54, 71∙38, 70∙59, 63∙58. 
 
 
3-O-benzyl-sn-1,2-O-distearoyl glycerol‡ (177) 
 
sn-3-O-Benzyl- glycerol (176, Mr = 182∙18, 811 mg, 4∙451 mmol, 1∙0 eq) was evaporated 
from methyl cyanide (3 × 3 mL) and dissolved in methylene chloride (20 mL), after which stearic 
acid (Mr = 284∙5, 1 g, 9∙124 mmol, 2∙05 eq), N-methyl imidazole (Mr = 82∙11, 3∙548 mL, 
44∙51 mmol, 10∙0 eq),  and finally 2,6-dichlorobenzoyl chloride (166, Mr = 209∙46, d = 1∙463, 
1∙593 µL, 11∙217 mmol, 2∙5 eq) were added and the mixture stirred for 16 h.  After this time, the 
reaction mixture was quenched with water (10 mL), diluted with diethyl ether (300 mL), dried 
(MgSO4), and the solvent removed in vacuo affording the title compound (177, 3∙0 g, 94%).   
Rf (methylene chloride) 177 = 0∙80.   
m/z (HR-ESI+) for 177, [M+Na]+ = C46H82O5Na, calculated 737∙6060, found 
[M+Na]+ = 737∙6077.   
H (400 MHz, CDCl3) 7∙4-7∙3 (5H, m, Φ-Hs), 5∙26 (1H, m, glyceryl-2-CH), 4∙56 (2H, dd, 
J 5∙7, 12∙1, Φ-CH2OR), 4∙36-4∙21 ([1H, dd, J 3∙8, 11∙9] and [1H, dd, J 6∙4, 11∙9] glyceryl-1-CH), 
3∙61 (2H, d, J 5∙4, glyceryl-3-CH), 2∙34 (2H, t, J 7∙6, COOR-α-CH2), 2∙29 (2H, t, J 7∙6, 
COOR-α’-CH2), 1∙68-1∙55 (4H, m, 2 × COOR-β-CH2), 1∙35-1∙2 (56H, m, 28 × CH2s), 0∙90 (6H, t, 
J 6∙8, 2 × CH3s). 
C (125 MHz, CDCl3) 173∙44, 173∙14 (2C, ester carbonyls), 137∙72, 128∙43 (2C), 127∙80, 
127∙64 (2C) (6C, phenyl carbons), 73∙32 (Φ-CH2OR), 70∙01 (glyceride-2-CH) 68∙26 
(glyceryl-3-CH2), 62∙67 (glyceride-1-CH2), 34∙35, 34∙14, 31∙95 (2C), 29∙73-29∙13 (26C), 24∙98 
(2C), 24∙91 (2C), 22∙72 (2C), 14∙15 (2C, CH3s).  
 
 
1-O-(1,2-O-Distearoyl glycerol‡ (178) 
 
sn-3-O-Benzyl-1,2-O-distearoyl glycerol (177, Mr = 715∙18, 3·00 g, 4∙19 mmol, 1∙0 eq) was 
dissolved in ethyl acetate (undried, 40 mL), Pd-C (10 mol%, 200 mg) added and the flask 
evacuated of air and replaced with N2 (g) (× 2) and finally evacuated before H2 (g) (elliptical 
balloon, 0∙3 m diameter) was applied and the mixture stirred for 48 h.  After this time the 
mixture was dried (MgSO4, and all traces of organic products washed off with CHCl3) and the 
solvent removed in vacuo to give a low melting point white solid (below ~35 °C).   
Rf (methylene chloride) 178 = 0∙17.   
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m/z (HR-ESI+) for 178 [M+H]+ = C39H77O5, calculated 625∙5145, found 
[M+H]+ = 625∙5143.   
H (400 MHz, CDCl3) 5∙10 (1H, m, glycerol-2-CH), 4∙34-4∙25 ([1H, dd, J 5·0, 12∙0] and [1H, 
dd, J 5∙0, 12∙0], glyceryl-2-CH2), 3∙75 (1H, d, J 5∙0, glyceryl-3-CH2), 2∙35 (4H, 2 × t, J 7∙6, 
2 × COOR-α-CH2), 1∙64 (4H, m, 2 × COOR-β-CH2), 1∙35-1∙2 (56H, m, 28 × CH2), 0∙90 (6H, t, J 
6∙8, 2 × CH3). 
C (125 MHz, CDCl3) 173∙82, 173∙46, 72∙12 (glyceride-2-CH), 62∙01 (glyceride-3-CH2), 61∙57 
(glyceride-1-CH2), 34∙31, 34∙12, 31∙93 (2C), 29∙8-29∙0 (22C), 24∙9 (2C), 22∙7 (2C), 14∙12 (2C, 
CH3s).   
 
 
 (1,2-O-Distearoylglycer-3-yloxy)(dicyanoethyloxy)phosphate (191) 
 
(+/–)-1,2-O-Distearoylglycerol (Mr = 625∙04, 300 mg, 0∙48 mmol) was added to a stirred 
solution of dicyanoethylphosphorochloridite (75%, Mr = 225∙03, 0∙5M in methylene chloride, 
1∙92 mL, 0∙960 mmol, 2∙0 eq) in pyridine (5 mL) and the mixture stirred for 3 h.  The reaction 
was quenched (water, 25 µL).  It was then dried of solvent in vacuo, evaporated from methyl 
cyanide (1 × 2 mL), re-dissolved in methyl cyanide (2 mL), and tbutyl peroxide (Mr = 90∙0, 5 M 
in petroleum spirit, 1∙92 mL, 0∙960 mmol, 2∙0 eq) added and the mixture stirred for 16h.  The 
solid was filtered off, and the remaining solvent residue removed from it in vacuo to afford a 
white solid (366 mg, 94%).   
Rf (methyl cyanide-methylene chloride 1:9) 191 = 0∙25, 1,2-O-distearoylglycerol  
 (178) = 0∙80.    
m/z (HR-ESI+) for C45H83N2O8PNa calculated 833∙5785, found [M-Na]
+ 833∙5801.   
H (400 MHz, DMSO) 5∙3 (1H, m, glyceryl-2-CH), 4∙3 (8H, m, glycerol-1-CH2, 
glycerol-3-CH2, ROP=O(OCH2CH2CN), 2∙82 (4H, t, ROP=O(OCH2CH2CN)2), 2∙36 (4H, t, J 7∙7, 
2 × COOR-α-CH2), 1∙64 (4H, m, 2 × COOR-β-CH2), 1∙28 (56H, m, stearoyl CH2s), 0∙90 (6H, t, 
J 6∙8, 2 × CH3s).   
P (162 MHz, DMSO) -2∙34 (1P, s, PV). 
 
 
sn-1-O-Stearoyl-2,3-O-isoproylidene glycerol‡ (183) 
 
R-(–)-2,3-O-Isoproylidene glycerol (174, Mr = 132∙18, 1∙0 g, 7∙565 mmol, 1∙0 eq), and stearic 
acid (Mr = 284∙5, 2∙142 g, 7∙529 mmol, 0∙95 eq), were combined with THF (20 mL) and stirred 
until homogenous.  Dicyclohexylcarbodiimide (Mr = 206∙5, 2∙344 g, 11∙348 mmol, 1∙5 eq, in  
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solution of THF, 5 mL), and dimethylaminopyridine (Mr = 122∙17, 9 mg, 0∙07 mmol, 0∙01 eq).  
After 36 h, the mixture was quenched with water (5 mL), diluted with diethyl ether (200 mL), 
washed with water (2 × 500 mL), dried (NaSO4) and the solvent removed in vacuo to afford the 
title compound as a colourless oil (183, 3∙02 g, 100% mass recovery). 
Rf (petroleum spirit-diethyl ether, 1:1) 183 = 0∙61; 174 = 0∙21; (methylene chloride) 
183 = 0∙75.   
m/z (HR-CI NH4
+) for 183, [M+NH4]
+ = C24H50NO4, calculated 416∙3740, found 
[M+NH4]
+ = 416∙3747.   
H (400 MHz, CDCl3) 4∙33 (1H, m, glyceryl-2-CH), 4∙18-4∙10 ([1H, dd, J 4∙7, 11∙8] and [1H, 
dd, J 5∙3, 11∙8], glyceryl-1-CH2), 3∙95-3∙70 ([1H, dd, J 6∙6, 8∙5] and [1H, dd, J 6∙2, 8∙5], 
glyceryl-3-CH2), 2∙36 (2H, t, J 7∙6, COOR-α-CH2), 1∙64 (2H, m, COOR-β-CH2), 1∙45 (3H, s, 
CH3), 1∙39 (3H, s, CH3), 1∙27 (28H, m, 14 × CH2), 0∙89 (3H, t, J 6∙7, CH3).   
 
 
sn-1-O-Stearoyl-glycerol‡ (184) 
 
1-O-stearoyl-sn-2,3-O-isoproylidene glycerol (183, Mr = 398∙63, 6∙09 g, 15∙28 mmol, 1∙0 eq) 
was dissolved in triethyl borate (Mr = 145∙99, 80 mL).  Trifluoroethanol (Mr = 100∙04, 10 mL) 
and then trifluoroacetic acid (TFA, Mr = 114∙02, 10 mL) was added and the solution stirred for 
16 h.  After this time, the volatile components were removed in vacuo.  Methanol (100 mL) were 
added to the remaining material, followed by water (100 mL).  The white solid formed was 
filtered off.  Remaining organically-soluble material was extracted from the aqueous fractions 
using chloroform, in which the previously-isolated white solid was dissolved before being dried 
(NaSO4) and the solvent removed in vacuo affording the title compound as a white solid (5∙2 g, 
95%). 
Rf (methylene chloride) 184 = 0∙35.  
m/z (HR-ESI+) for 184, [M+H]+ = C21H43O4, calculated 359∙3161, found 
[M+H]+ = 359∙3168. 
H (400 MHz, CDCl3) 4∙23-4∙17 [1H, dd, J 4∙7, 11∙7] and [4∙17 (1H, dd, J 6∙2, 11∙7] 
glyceryl-1-CH2), 3∙95 (1H, m, glyceryl-2-CH), 3.72-3∙65 ([1H, dd, J 4∙0, 11∙4] and [1H, dd, J 5∙8, 
11∙4, glyceryl-3-CH2), 2∙37 (2H, t, J 7∙6, COOR-α-CH2), 1∙65 (2H, m, 2 × COOR-β-CH2), 1∙4-1∙2 
(28H, m, 14 × CH2), 0∙90 (3H, t, J 6∙8, CH3).   
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sn-1-O-Stearoyl-3-O-(9-Phenylxanthen-9-yl) glycerol‡ (185) 
 
1-O-stearoyl-sn- glycerol (184, Mr = 279∙0, 1∙55 g, 5∙56 mmol, 1∙0 eq) and pixanol 
(Mr = 274∙31, 1∙6 g, 5∙83 mmol, 1∙05 eq) were dissolved in glacial acetic acid (10 mL), and the 
solvent removed under reduced pressure (1 mBar, 25 °C).  The yellow-ish resulting solid was re-
dissolved in glacial acetic acid (10 mL) and the solvent removed in vacuo twice more.  The crude 
material was triturated (petroleum spirit, 100 mL).  The colourless oil (3∙0 g mass recovery) was 
fractionated by flash chromatography (2∙5 cm diameter × 22∙5 cm dry SiO2, prepared with 1% 
pyridine in petroleum spirit and eluted with  a gradient of ethyl acetate in petroleum spirit 
(containing 1% pyridine) of 0:1 to 1:3 v/v), separating dipixylstearoyl glycerol (4-6% ethyl 
acetate), and pixanol (8-12%), from the title compound as a colourless oil (14-23%, 185, 2∙56 g, 
75%) as well as a trace of 1-O-pixyl-2-O-stearoyl glycerol. 
Rf (ethyl acetate-petroleum spirit, 1:4) 185 = 0∙34.  
m/z (HR-ESI+) for 185 [M+Na]+ = C40H54O5Na, calculated 637∙3869, found 
[M+Na]+ = 637∙3875.   
H (400 MHz, CDCl3)  7∙40-7∙26 (6H, m, pixyl), 7∙24-7∙16 (5H, m, phenyl of pixyl), 7∙05 
(2H, t, J 7∙5, xanthenyl of pixyl), 4∙18 (2H, m, glyceryl-1-CH), 3∙96 (1H, m, glyceryl-2-CH), 3∙05 
(2H, d, J 5∙1, glyceryl-3-CH), 2∙25 (2H, t, J 7∙6, COOR-α-CH2), 1∙57 (2H, m, 2 × COOR-β-CH2), 
1∙35-1∙22 (28H, m, 14 × CH2), 0∙90 (3H, t, J 6∙8, CH3).   
 
 
1-O-stearoyl-sn-2-γ-linolenoyl-3-O-(9-Phenylxanthen-9-yl) glycerol‡ (186)  
 
sn-1-O-Stearoyl-3-O-(9-phenylxanthen-9-yl) glycerol (185, Mr = 614∙83, 921 mg, 
1∙50 mmol, 1∙0 eq) was dissolved in methylene chloride (40 mL), to which was added 
γ-linolenoic acid (Mr = 278∙24, 500 mg, 1∙80 mmol, 1∙2 eq), N-methylimidazole (Mr = 82∙11, 
d = 1∙03, 726 µL, 8∙989 mmol, 6∙0 eq), then 2,6-dichlorobenzoyl chloride (166, Mr = 209∙46, 
d = 1∙463, 536 µL, 3∙745 mmol, 2∙5 eq) and the mixture stirred for 16 h.  After this time, the 
reaction mixture was quenched with water (10 mL), diluted  with diethyl ether (200 mL), washed 
with water (2 × 300 mL), dried (Na2SO4) and the solvent removed in vacuo.  The resulting 
translucent yellow oil (~1∙45 g) was fractionated by flash chromatography (2∙5 cm diameter 
× 22∙5 cm dry SiO2, eluted with diethyl ether in petroleum spirit: 1:49 v/v), to afford the title 
compound as a colourless oil (186, 1∙05 g, 80∙0%).   
Rf (diethyl ether-petroleum spirit, 3:17) 186 = 0∙45.   
m/z (HR-ESI+) for 186, [M+Na]+ = C58H82O6Na, calculated 897∙6009, found 
[M+Na]+ = 897∙6018.   
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H (400 MHz, CDCl3) 7∙46-7∙05 (13H, m, pixyl group), 5∙48-5∙32 (6H, 3 × CH=CH), 5∙24-
5∙17 (1H, m, glyceryl-2-CH), 4∙36-4∙24 ([1H, dd, J 3∙7, 11∙8] and [1H, dd, J 6∙5, 11∙8], 
glyceryl-1-CH2), 3∙12 (2H, 2 × dd, J 5∙1, 9∙8, glyceryl-3-CH2), 2∙85 (4H, m, 
2 × CH=CH-CH2-CH=CH), 2∙22 (4H, t, J 7∙7, 2 × COOR-α-CH2), 2∙10 (4H, m, 
2 × RCH2-CH=CHCH2R), 1∙60 (4H, m, 2 × COOR-β-CH2), 1∙50-1∙30 (36H, m, 18 × CH2), 0∙91 
(6H, t, J 6∙8, 2 × CH3).   
 
In order to prepare 1-O-stearoyl-sn-2-oleoyl-3-O-(9-Phenylxanthen-9-yl) glycerol, oleic 
acid (Mr = 278∙24, 500 mg, 1∙80 mmol, 1∙2 eq) was used instead of γ-linolenoic acid (above). 
Rf (diethyl ether-petroleum spirit, 3-17) 186 = 0∙45.     
m/z (HR-ESI+) for 186 [M+Na]+ = C58H86O6Na, calculated 901∙6322, found 
[M+Na]+ = 901∙6354. 
H (400 MHz, CDCl3) 7∙40-7∙00 (13H, m, pixyl group), 5∙42-5∙32 (2H, m, CH=CH), 5∙20 
(1H, m, glyceryl-2-CH), 4∙35-4∙24 ([1H, dd, J 3∙8, 11∙8] and [1H, dd, J 6∙5, 11∙8], glyceryl-1-CH2), 
3∙11 (2H, 2 × dd, J 5∙1, 9∙8, glyceryl-3-CH2), 2∙25 (4H, t, J 7∙7, 2 × COOR-α-CH2), 2∙03 (4H, m, 
2 × CH2-CH=CH), 1∙6 (4H, m, 2 × COOR-β-CH2), 1∙50-1∙30 (48H, m, 24 × CH2), 0∙91 (6H, t, 
2 × CH3).   
 
 
sn-1-O-stearoyl-2-γ-linolenoyl glycerol‡ (189) 
 
sn-1-O-stearoyl-2-γ-linolenoyl-3-O-(9-Phenylxanthen-9-yl) glycerol (186, Mr = 875∙07, 
1∙027 g, 1∙173 mmol, 1∙0 eq) and pyrrole (Mr = 67∙09, d = 0∙967 g/mL, 814 µL, 11∙73 mmol, 
10∙0 eq) were dissolved in methylene chloride (15 mL).  Dichloroacetic acid (Mr = 128∙94, 
d = 1∙563 g/mL, 194 µL, 2∙35 mmol, 2∙0 eq) was added and the reaction mixture stirred for  
2 min before it was quenched (0∙2 M sodium acetate buffer, 5 mL), diluted with methylene 
chloride (20 mL), washed with water (20 mL), dried (NaSO4), and the solvent removed in vacuo 
(~1 mBar).  The pale yellow oil was triturated using petroleum spirit (10 mL, 1% acetic acid).  
The colourless oil (3∙0 g mass recovery) was fractionated by flash chromatography 
(2∙5 cm diameter × 22∙5 cm dry SiO2.  The column was flushed with 200 mL of 0∙5% acetic 
acid/10% ethanol/89∙5% ethyl acetate, then washed with 100 mL petroleum spirit (1% acetic 
acid), and was then eluted with a gradient of diethyl ether-petroleum spirit 0:1 to 1:3 v/v, 100 mL 
portions), affording the title compound as a colourless oil (189, 547 mg, 75%). 
Rf  (ethyl acetate-petroleum spirit, 1:4) 189 = 0∙34.  
m/z (HR-ESI+) for 189, [M+H]+ = C39H71O5, calculated 619∙5050, found 
[M-H]+ = 619∙5006. 
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H (400 MHz, CDCl3) 5∙50-5∙30 (6H, m, 3 × CH=CH), 5∙11 (1H, m, glyceryl-2-CH), 4∙35-
4∙26 ([1H, dd, J 4∙5, 11∙9] and [1H, dd, J 5∙6, 12∙00], glyceryl-3-CH2), 3∙76 (2H, m, 
glyceryl-1-CH2), 2∙83 (4H, t, J 5∙7, 2 × CH=CH-CH2-CH=CH), 2∙39 (2H, t, J 7∙6, COOR-α-CH2), 
2∙35 (2H, t, J 7∙7, COOR-α’-CH2), 2∙10 (4H, t, J 7∙1, 2 × CH2-CH=CH), 1∙73-1∙6 (4H, m, 
2 × COOR-β-CH2), 1∙47-1∙20 (36H, m, 18 × CH2), 0∙91 (6H, t, J 6∙7, 2 × CH3). 
 
In order to prepare sn-1-O-stearoyl-2-O-oleoyl glycerol (188), sn-1-O-stearoyl-2-O-oleoyl-3-
O-(9-phenylxanthen-9-yl) glycerol (186, Mr = 875∙07, 921 mg, 1∙50 mmol, 1∙0 eq) was used 
instead of sn-1-O-stearoyl-2-O-γ-linolenoyl-3-O-(9-Phenylxanthen-9-yl) glycerol (above). 
Rf (diethyl ether-petroleum spirit, 3:17) 188 = 0∙45.   
m/z (HR-ESI+) for 188 [M+H]+ = C39H74O5, calculated 623∙5615, found 
[M+H]+ = 623∙5623.   
H (400 MHz, CDCl3) 5∙38 (2H, m, HC=CH), 5∙11 (1H, m, glyceryl-2-CH), 4∙35-4∙27 ([1H, 
dd, J 4∙5, 11∙9] and [1H, dd, J 5∙6, 11∙9], glyceryl-1-CH2), 3∙76 (2H, dd, J 1∙0, 4∙6, 
glyceryl-3-CH2), 2∙38 (2H, t, J 7∙5, COOR-α-CH2), 2∙36 (2H, t, J 7∙5, COOR-α’-CH2), 2∙04 (2H, 
m, 2 × CH2-CH=CH), 1∙70-1∙60 (4H, m, 2 × COOR-β-CH2), 1∙4-1∙2 (48H, m, 24 ×CH2), 0∙9 (6H, 
t, J 6∙8, 2 × CH3).   
 
 
 (+/-)-sn-3-O-pixyl-glycerol (180) 
 
Pixanol (1 g, 3∙67 mmol, 1∙0 eq) was added to a stirred solution of glycerol (179, 6 mL, 
14∙1 eq, 51∙68 mmol, d=1∙26) in DMF (10 mL, peptide grade, undistilled).  Once homogenous, 
CSA (85 mg, 0∙1 eq) was added and the reaction mixture stirred for 45 min.  After this time, the 
reaction mixture was quenched with triethylamine (3 mL), diluted with diethyl ether (200 mL),  
washed with water (3  500 mL), dried (MgSO4) and the solvent removed in vacuo.  The 
remaining white solid was recrystallised (methylene chloride-petroleum spirit), affording the title 
compound as a white solid (1∙1 g, 86%). 
Rf (ethyl acetate) 180 = 0∙63.   
m/z (HR-ESI+) for 180, [M+Na] = C22H20O4Na, calculated 371∙1259, found 371∙1270. 
δH (400MHz, CDCl3) 7∙42-7∙04 (13H, m, pixyl-CHs), 3∙84 (1H, m, glyceryl-2-CH), 3∙62 (2H, 
m, glyceryl-1-CH2), 3∙07-3∙05 ([1H, s] and [1H, d, J 1∙35, glyceryl-3-CH), 1∙97 (1H, s, hydroxyl), 
1∙60 (HOD), 2∙41 (1H, s, hydroxyl).   
C (125 MHz, CDCl3) 151∙34, 151∙28 (2C, 2 × ipso-CO), 148∙46, 129∙5, 129∙39 (2C), 127∙94 
(2C), 126∙81 (2C), 126∙46 (2C), 123∙69, 123∙55, 122∙72, 122∙64, 116∙47 (2C) (18C, pixyl), 75∙82, 
71∙05, 64∙62, 64∙25.   
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(+/-)-sn-1,2-O-Di[10-(pyren-1-yl)decanoyl]-3-O-pixyl-glycerol (181) 
 
(+/-)-3-O-pixyl-glycerol (180, 300 mg, 0∙861 mmol, 1∙0 eq), 1-pyrenenonic acid (782 mg, 
2∙1 mmol, 2∙4 eq), and N-methylimidazole (687 µL, d = 1∙03, 8∙61 mmol, 10∙0 eq) were dissolved 
in methylene chloride (4 mL).  2,6-dichlorobenzoyl chloride (166, Mr = 209∙46, d = 1∙463, 
617 mg, 4∙31 mmol, 5∙0 eq) was then added and the mixture stirred for 16 h.  After this time, the 
reaction mixture was quenched with water (2 mL), diluted with methylene chloride (100 mL), 
washed with water (2 × 100 mL), dried (Na2SO4) and the solvent removed in vacuo to leave a 
colourless oil (1 g).  The translucent yellow oil was fractionated using isochromic flash 
chromatography (2∙5 cm diameter × 22∙5 cm dry SiO2, eluting with diethyl ether-petroleum 
spirit, 1:49 v/v) affording the title compound as a colourless oil (181, 820 mg, 90∙0%).   
Rf (ethyl acetate-petroleum spirit, 3:7) 181 = 0∙6.   
m/z (HR-ESI+) for 181, [M+Na]+ = C74H72O6Na, calculated 1,079∙5227, found [M-Na]
+ 
1,079∙5245.   
δH (400MHz, CDCl3): 8∙28-7∙87 (18H, 2 × pyn), 7∙37-7∙04 (13H, pixyl), 5∙09 (1H, m, 
glyceryl-2-CH), 4∙36 ([1H, dd, J 3∙8, 11∙8] and [1H, dd, J 6∙5, 11∙8], glyceryl-1-CH2), 3∙33 (4H, m,  
2 × pyn-α-CH2), 3∙12 (2H, dd, J 5∙5, 10∙0, glyceryl-3-CH), 2∙24 (4H, t, J 7∙8, 2 × COOR-α-CH2s), 
1∙85 (4H, m, 2 × pyn-β-CH2), 1∙64-1∙23 (26H, m, 13 × CH2s).    
 
 
(+/-)-sn-1,2-O-Di[10-(pyren-1-yl)decanoyl]glycerol (190) 
 
(+/-)-1,2-O-Di[10-(pyren-1-yl)decanoyl]-3-O-pixyl-glycerol (181, Mr = 1,057∙36, 590 mg, 
0∙558 mmol, 1∙0 eq), and pyrrole (Mr = 67∙09, d = 0∙967 g/mL, 388 µL, 5∙58 mmol, 10∙0 eq) 
were dissolved in methylene chloride (10 mL).  Dichloroacetic acid (Mr = 128∙94, 
d=1∙563 g/mL, 92 µL, 1∙12 mmol, 2∙0 eq) was added and the reaction mixture stirred for 2 min 
before it was quenched (0∙2 M sodium acetate buffer, 5 mL), diluted with methylene chloride 
(20 mL), washed with water (20 mL), dried (NaSO4), and the solvent removed in vacuo 
(~1 mBar).  The pale yellow oil was triturated using petroleum spirit (10 mL, 1% acetic acid).  
The colourless oil was fractionated by flash chromatography (2∙5 cm diameter × 15 cm dry SiO2.  
The column was flushed with 200 mL of 0∙5% acetic acid/10% ethanol/89∙5% ethyl acetate, 
then washed with 100 mL petroleum spirit (1% acetic acid), eluting with diethyl ether in 
petroleum spirit, 100 mL portions), afforded the title compound as a colourless oil (190, 313 mg, 
70%).   
Rf (ethyl acetate-petroleum spirit, 2:3) 190 = 0∙55.   
m/z (ES+) for 190, C55H60O5 calculated 800∙4, found [M-Na]
+ 823∙5.   
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H (400 MHz, CDCl3) 8∙28-7∙87 (18H, 2 × pyn), 5∙09 (1H, m, glyceryl-2-CH), 4∙33 (1H, dd, 
J 4∙6, 11∙9] and [1H, dd, J 5∙6, 11∙9] glyceryl-1-CH2), 3∙73 (2H, d, J 4∙6, glyceryl-3-CH2), 3∙33 
(4H, t, J 7∙8, 2 × pyn-α-CH2), 2∙34 (4H, m, 2 × COOR-α-CH2), 1∙85 (4H, t, J 7∙6, 2 × pyn-β-CH2), 
1∙63 (4H, m, 2 × COOR-β-CH2), 1∙48 (4H, m, 2 × pyn-γ-CH2), 1∙33 (18H, m, 9 × CH2).    
 
 
(+/-)-sn-1,2-O-Di[10-(pyren-1-yl)decanoyl]-3-O-(dicyanoethyloxy)phosphate-glycerol (193) 
 
1,2-O-Di[10-(pyren-1-yl)decanoyl]glycerol (190, Mr = 801∙06, 200 mg, 0∙245 mmol, 1∙0 eq) 
was dissolved in a solution of methylene chloride (3 mL), pyridine (2 mL) and 
N-methylimidazole (168, Mr = 82∙08, 80 µL, 0∙999 mmol, 4∙0 eq) to which was added 
dicyanoethyloxy phosphorochloridite (202, 0∙999 mmol, 4∙0 eq, 1∙998 mL of 0∙5 M solution in 
methylene chloride) and the mixture stirred for 16 h.  After which time cyanoethanol 
(Mr = 71∙08, 57 µL, 0∙76 mmol, 3∙1 eq) was added, the mixture stirred for 30 min and then 
cooled to 0 °C before tert-butyl peroxide (Mr = 90∙0, 249 µL, 5 M solution in decanes, 
1∙248 mmol, 5∙0 eq) was added.  The reaction mixture was stirred for 12 h before being quenched  
with water (5 mL).  The bulk of the organic solvent was removed in vacuo and fractionated 
through a column of salinised silica, eluting with a gradient of methyl cyanide-water, 1:4 to 7:3, 
(100 mL portions) and flushed with ethyl acetate.  The appropriate fractions were combined, 
dried (MgSO4), and adsorbed onto silica and fractionated by flash chromatography 
(1∙5 cm diameter × 10∙0 cm dry SiO2, eluting with methanol-ethyl acetate 0:1 to 1:1, 100 mL 
portions), affording the title compound as a colourless oil (193, 200 mg, 83%). 
Rf (ethyl acetate-petroleum spirit, 1:1) 193 = 0∙60.   
m/z (HR-ESI+) for 193, [M+Na]+ = C62H69N2O8PNa, calculated 1,009∙4533, found 
[M+Na]+ = 1,009∙4533.   
H (400 MHz, CDCl3) 8∙28-7∙87 (18H, 2 × pyn), 5∙28 (1H, m, glyceryl-2-CH), 4∙36-4∙16 (8H, 
m, glyceryl-3-CH2, glyceryl-1-CH2, 2 × R-OCH2CH2CN), 3∙33 (2 × 2H, t, J 7∙8, pyn-α-CH2), 2∙76 
(2 × 2H, m, R-OCH2CH2CN), 2∙36 (2H, t, J 7∙6, COOR-α-CH2), 2∙35 (2H, t, J 7∙6, 
COOR-α’-CH2), 1∙85 (4H, t, J 7∙6, 2 × pyn-β-CH2), 1∙63 (4H, m, 2 × COOR-β-CH2), 1∙48 (4H, t, 
J 7∙2, 2 × pyn-γ-CH2), 1∙33 (18H, m, 9 × CH2s).    
P (162 MHz, CDCl3) -2∙38 (1P, PV). 
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(+/-)-sn-1,2-O-Di[10-(pyren-1-yl)decanoyl]-3-O-(cyanoethyloxy)phosphate-glycerol 
triethylammonium salt (196) 
 
1,2-O-Di[10-(pyren-1-yl)decanoyl]-3-O-(dicyanoethyloxy)phosphate-glycerol (193, 
Mr = 986∙46, 80 mg, 0∙081 mmol) was dissolved in methylene chloride (2 mL) and triethylamine 
(2 mL) and the mixture stirred for 36 h.  The mixture was then concentrated in vacuo and the 
material (84 mg) carried on to the next step without further purification. 
 
 
sn-1,2-O-Di[10-(pyren-1-yl)decanoyl]-3-O-(2-cyanoethyloxy-2-(Boc-aminoethanoxy))-
phosphate-glycerol (201) 
 
1,2-O-Di[10-(pyren-1-yl)decanoyl]-3-O-(cyanoethyloxy)phosphate-glycerol 
triethylammonium salt (196, Mr = 1,034∙56, 84 mg, 0∙081 mmol, 1∙0 eq) was dissolved in 
methylene chloride (2 mL), methyl cyanide (2 mL), with 3-nitro triazole (198, Mr = 114∙06, 
74 mg, 0∙649 mmol, 8∙0 eq) and Boc-amino ethanol (200, d = 1∙04, 38 µL, 0∙243 mmol, 3∙0 eq) 
added in succession.  A solution of mesitylene sulfonyl chloride (Mr = 218∙7, 71 mg, 
0∙325 mmol, 4∙0 eq) in pyridine (0.5 mL) was added by drops over 30 min.  The mixture was 
stirred for a further 30 min after which time it was quenched with water (2 mL), diluted with  
methylene chloride (100 mL), washed with water (2 × 100 mL), dried (MgSO4), and the solvent 
removed in vacuo.  The translucent yellow oil was adsorbed onto silica and fractionated by flash 
chromatography (2∙5 cm diameter × 15 cm dry SiO2, eluting with ethyl acetate-petroleum spirit, 
1:3, 1:0, 100 mL portions), affording the title compound (1:3, 201, 87 mg, 98%).   
Rf (diethyl ether) 201 = 0∙7.   
m/z (HR-ESI+) for 201, [M+H]+ = C65H77N2O10P, calculated 1,077∙5394, found 
[M+H]+ = 1,077∙5393.   
H (400 MHz, CDCl3) 8∙28-7∙87 (18H, 2 × pyn), 5∙28 (1H, m, glyceryl-2-CH), 5∙05 (1H, m, 
NH), 4∙34-4∙10 (8H, m, -NH-CH2CH2OPO-, glyceryl-3-CH2, R-OCH2CH2CN), 3∙33 (4H, t, J 7∙8, 
2 × pyn-α-CH2), 2∙74 (2H, m, R-OCH2CH2CN), 2∙35 (2H, t, J 7∙6, COOR-α-CH2), 2∙30 (2H, t, 
J 7∙6, COOR-α’-CH2), 2∙03 (9H, s, 3 × CH3), 1∙85 (4H, t, J 7∙6, 2 × pyn-β-CH2), 1∙63 (4H, m, 
2 × COOR-β-CH2), 1∙54-1∙25 (38H, m, 19 × CH2s).   
P (162 MHz, CDCl3) -1∙59 (1P, PV). 
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1,2-O-Di[10-(pyren-1-yl)decanoyl]-3-O-(2-(Boc-aminoethanoxy))-phosphate-glycerol 
triethylammonium salt (210) 
 
1,2-O-Di[10-(pyren-1-yl)decanoyl]-3-O-(2-cyanoethyloxy-2-(Boc-aminoethanoxy))-phosphate 
–glycerol (201, Mr = 1,077∙29, 45 mg, 0∙042 mmol) was dissolved in methyl cyanide (2 mL), 
methylene chloride (5 mL) and triethylamine (3 mL) and the mixture stirred for 36 h.  The 
mixture was then concentrated in vacuo to a dry solid and taken on to the next step without 
further purification. 
m/z (HR-ESI-) for title compound 210, [M] = C62H73NO10P, calculated 1,022∙4972, found 
[M] = 1,022∙4998.   
 
 
Di[10-(pyren-1-yl)decanoyl]-phosphatidylethanolamine (182) 
 
1,2-O-Di[10-(pyren-1-yl)decanoyl]-3-O-(2-(Boc-aminoethanoxy))-phosphate-glycerol 
triethylammonium salt (47 mg, 0∙042 mmol) was dissolved in a mixture of acetic acid and water 
(3:2, 5 mL) with ethanedithiol (Mr = 94∙2, d = 1∙123, 35 µL, 0∙418 mmol, 10∙0 eq).  After being 
stirred for 48 h, the reaction mixture was frozen using N2(l) and freeze dried over 24 h to give the 
title compound as a white solid (~40 mg, quant.).   
m/z (HR-ESI+) for 181, [M+H]+ = C57H67NO8P, calculated 924∙4604, found 924∙4615. 
H (400 MHz, 9:1 CDCl3:CD3OD v/v)  8∙20-7∙78 (18H, 2 × pyn), 5∙30 (1H, m, 
glyceryl-2-CH, signal obscured), 4∙31-4∙09 ([1H, dd, J 2∙3, 11∙6] and [1H, dd, J 6∙4, 11∙8], 
glyceryl-1-CH2), 3∙95 (2H, m, 
+H3NCH2CH2OR), 3∙87 (2H, m, glyceryl-3-CH2), 3∙50 (2H, m,  
+H3NCH2CH2OR, signal obscured), 3∙37 (4H, t, J 7∙2, 2 × pyn-α-CH2), 3∙05 (6H, q, J 7∙3, 
triethylammonium 3 × CH2), 2∙23 (2 × 2H, 2 × t, J 7∙6, 2 × COOR-α-CH2), 1∙76 (4H, t, J 7∙6, 
2 × pyn-β-CH2), 1∙5 (4H, m, 2 × COOR-β-CH2), 1∙45-1∙00 (31H, 11 × CH2s, triethylammonium 
3 × CH3).  HOD signal at 3∙6 ppm.   
P (162 MHz, 9:1 CDCl3:CD3OD v/v) -0∙6 (1P, PV). 
 
 
1-O-(Cyanoethyloxy)phosphoryl-(2,3)(5,6)-O-dicyclohexylidene-myo-inositol 
triethylammonium salt‡ (169) 
 
1-O-(dicyanoethyloxy)phosphatidyl-(2,3)(5,6)-O-dicyclohexylidene-myo-inositol (137, 
Mr = 526∙42, 180 mg, 0∙304 mmol, 1∙0 eq) was dissolved in methylene chloride (3 mL), methyl 
cyanide (1 mL), and triethylamine (3 mL) and stirred for 36 h.  After this time the solvent was 
238           Samuel Furse - The Synthetic Preparation and Physical Behaviour of Phosphatidylinositol-4-Phosphates 
 
O
O
O
O
HO O
P
O-
O
O
CN
HNR3
+
 
169 
 
 
O
OO
O
OHO
P
O
O
O
OO
O
CN
O
3
5
1
 
199 
 
Ins-CH (199) Shift (ppm) Splitting J 
1 4∙75 m - 
2 4∙60 dd 8∙8, 5∙6 
3 4∙08 t 5∙6 
4 3∙90 dd 10∙2, 5∙6 
5 3∙39 t 10∙2 
6 4∙03 t 10∙2, 3∙9 
 
 
 
O
HO O
O
O O
P
O
O
CN
+ O
OO
O
O
 
203 
Samuel Furse - The Synthetic Preparation and Physical Behaviour of Phosphatidylinositol-4-Phosphates  239 
 
removed in vacuo to give a white solid that was carried on to a variety of condensation reactions 
(below), without further purification. 
   
 
1-O-(cyanoethyloxy)phosphatidyl(1,2-O-distearoyl)glycerol-(2,3)-(5,6)-O-dicyclohexylidene-
myo-inositol‡ (199) 
 
1-O-(cyanoethyloxy)phosphatidyl-(2,3)(5,6)-O-dicyclohexylidene-myo-inositol 
triethylammonium salt (169, Mr = 526∙42, 169 mg, 0∙294 mmol), 1-O-(1,2-O-Distearoyl glycerol 
(178, Mr = 625∙01, 551 mg, 0∙882 mmol, 3∙0 eq), and 3-nitro triazole (198, Mr = 114∙06, 269 mg, 
2∙352 mmol, 8∙0 eq) were evaporated from pyridine (3 × 2 mL) and dissolved in methylene 
chloride (2 mL), methyl cyanide (2 mL) and pyridine (1 mL).  A solution of mesitylene sulfonyl 
chloride (Mr = 218∙7, 258 mg, 1∙176 mmol, 4∙0 eq) in pyridine (1 mL) was added in 
80 µL/2 min.  The reaction mixture was stirred for 2-16 h after which time it was quenched with 
water (2 mL), diluted with ethyl acetate (100 mL), washed with water (3 × 300 mL), dried of 
water (MgSO4).  The crude material was adsorbed onto silica and fractionated by flash 
chromatography (1∙5 cm diameter × 10∙0 cm dry SiO2, eluting with ethyl acetate in petroleum 
spirit, 0:1 to 1:0, 100 mL portions), affording the title compound (ethyl acetate-petroleum spirit, 
1:1 to 1:0, 199, 238 mg, 75%). 
Rf (ethyl acetate) 199 = 0∙9.   
m/z (HR-ESI+) for 199, [M+H]+ = C60H107NO13P, calculated 1,080∙7480, found 1,080∙7462. 
H (400 MHz, CDCl3) 5∙30 (1H, m, glyceryl-2-CH), 4∙75 (1H, m, Ins-1-CH2), 4∙60 (1H, dd, 
J 8∙8, 5∙6, Ins-2-CH), 4∙40-4∙15 (6H, m, 2 × -OPOCH2CH2CN, glyceryl-3-CH2), 4∙08 (1H, t, J 5∙6,  
Ins-3-CH), 4∙03 (1H, t, J 10∙2, 3∙9, Ins-6-CH), 3∙9 (1H, dd, J 10∙2, 5∙6, Ins-4-CH), 3∙39 (1H, t, 
J 10∙2, Ins-5-CH), 2∙83 (2H, t, J 6∙6, -OPOCH2CH2CN), 2∙34 (4H, t, J 7∙8, 2 × COOR-α-CH2), 
1∙8-1∙2 (80H, m, 40 × CH2), 0∙9 (6H, t, J 6∙8, 2 × CH3).   
P (162 MHz, CDCl3) -2∙74, -2∙92 (1P, 2 × s, Pv, (+/-)-phosphate tri-ester).   
 
In order to prepare 1-O-(cyanoethyloxy)phosphatidyl(1-O-stearoyl-sn-2-
oleoyl)glycerol-(2,3)-(5,6)-O-dicyclohexylidene-myo-inositol (203), 
1-O-stearoyl-sn-2-O-γ-linolenoyl glycerol (188, Mr = 875∙07, 921 mg, 1∙50 mmol, 1∙0 eq) was used 
instead of 1,2-O-distearoyl glycerol (above) , giving 75%. 
Rf (ethyl acetate) 203 = 0∙9.   
m/z (HR-ESI+) for 203, [M+H]+ = C60H105NO13P, calculated 1,078∙7324, found 
[M+H]+ = 1,078∙7323.   
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H (400 MHz, CDCl3) 5∙37 (2H, m, HC=CH), 5∙31 (1H, m, glyceryl-2-CH), 4∙78 (1H, m, 
Ins-1-CH), 4∙62 (1H, dd, J 4∙4, 8∙8, Ins-2-CH), 4∙42-4∙15 (6H, m, -OPOCH2CH2CN, 
glyceryl-3-CH2, glyceryl-1-CH2), 4∙10 (1H, t, J 5∙4, Ins-3-CH), 4∙03 (1H, t, J 3∙9, 9∙9, Ins-6-CH), 
3∙92 (1H, dd, J 6∙5, 10∙7, Ins-4-CH), 3∙40 (1H, t, J 10∙2, Ins-5-CH), 2∙85 (2H, t, J 6∙5, 
-OPOCH2CH2CN), 2∙40-2∙30 (4H, t, J 7∙7, 2 × COOR-α-CH2), 2∙05 (4H, m, 
2 × RCH2-CH=CHCH2R), 1∙80-1∙10 (68H, m, 34 × CH2), 0∙90 (6H, t, J 6∙8, 2 × CH3).   
P (162 MHz, CDCl3) -2∙81, -2∙94 (1P, 2 × s, Pv, (+/-)-phosphate tri-ester).   
  
 
In order to prepare 1-O-(cyanoethyloxy)phosphatidyl(1-O-stearoyl-sn-2-γ-
linolenoyl)glycerol-(2,3)-(5,6)-O-dicyclohexylidene-myo-inositol (204), 
1-O-stearoyl-sn-2-γ-linolenoyl glycerol (189, Mr = 875∙07, 921 mg, 1∙50 mmol, 1∙0 eq) was used 
instead of 1,2-O-distearoyl glycerol (above), giving 75%. 
Rf (ethyl acetate-petroleum spirit, 1:1) 204 = 0∙4.   
m/z (HR-ESI+) for 204 [M+H]+ = C60H101NO13P, calculated 1,074∙7011, found 
[M+H]+ = 1,074∙7007.   
H (400 MHz, CDCl3) 5∙47-5∙25 (7H, m, 3 × HC=CH, glyceryl-2-CH), 4∙77 (1H, ddd, J 4∙4, 8∙6, 
10∙4, Ins-1-CH), 4∙61 (1H, t, J 4∙5, Ins-2-CH), 4∙45-4∙15 (5H, m, -POCH2CH2CN, 
glyceryl-3-CH2), 4∙11 (1H, dd, J 5∙8, 10∙0, Ins-3-CH), 4∙04 (1H, t, J 4∙1, 9∙9, Ins-6-CH), 3∙9 (1H, 
dd, J 6∙5, 10∙7, Ins-4-CH), 3∙40 (1H, t, J 10∙0, Ins-5-CH), 2∙83 (6H, m, -OPOCH2CH2CN, 
2 × CH=CH-CH2-CH=CH), 2∙34 (4H, t, J 7∙6, 2 × COOR-α-CH2), 2∙09 (4H, m, 
2 × RCH2-CH=CHCH2R), 1∙80-1∙20 (48H, m, 24 × CH2), 0∙90 (6H, t, J 6∙8, 2 × CH3).   
P (162 MHz, CDCl3) -2∙79, -2∙92 (1P, 2 × s, Pv, (+/-)-phosphate tri-ester).   
 
 
1-O-(cyanoethyloxy)phosphatidyl(1,2-O-Di[10-(pyren-1-yl)decanoyl]glycerol-(2,3)-(5,6)-O-
dicyclohexylidene-myo-inositol (205) 
 
1-O-(cyanoethyloxy)phosphatidyl-(2,3)(5,6)-O-dicyclohexylidene-myo-inositol 
triethylammonium salt (169, Mr = 574∙46, 83 mg, 0∙143 mmol, 1∙0 eq), 
1,2-O-Di[10-(pyren-1-yl)decanoyl]glycerol (190, Mr = 801∙66, 200 mg, 0∙25 mmol, 1∙75 eq), and 
3-nitro triazole (198, Mr = 114∙06, 130 mg, 1∙14 mmol, 8∙0 eq) were evaporated from pyridine 
(3 × 2 mL) and dissolved in methylene chloride (1 mL) and pyridine (1 mL).  A solution of 
mesitylene sulfonyl chloride (Mr = 218∙7, 125 mg, 0∙571 mmol, 4∙0 eq) in pyridine (1 mL) and 
methylene chloride (1 mL) was added dropwise.  The mixture was stirred for a further 1 h before 
being quenched (water, 1 mL), diluted (methylene chloride, 200 mL), dried (MgSO4), and the  
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solvent removed in vacuo.  The crude material was adsorbed onto silica and fractionated by flash 
chromatography (1∙5 cm diameter × 10∙0 cm dry SiO2, eluted with, 100 mL portions), separating 
impurities (ethyl acetate in petroleum spirit, 0:1 to 3:7), from the desired product (ethyl acetate in 
petroleum spirit, 1:1 to 1:0, 205, colourless oil, 150 mg, 84%). 
Rf (ethyl acetate) 205 = 0∙85.   
m/z (HR-ESI+) for 205, [M+Na]+ = C76H90NO13PNa, calculated 1278∙6048, found 
[M+Na]+ 1278∙6100.   
H (400 MHz, CDCl3) 8∙29-7∙89 (18H, 2 × pyn), 5∙30 (1H, m, glyceryl-2-CH), 4∙75 (1H, m, 
Ins-1-CH), 4∙6 (1H, t, J 4∙8, Ins-2-CH), 4∙4-4∙15 (6H, m, 2 × R-OCH2CH2CN, glyceryl-3-CH2), 
4∙08 (1H, m, Ins-3-CH), 4∙02 (1H, m, Ins-6-CH), 3∙9 (1H, dd, J 10∙2, 6∙5, Ins-4-CH), 3∙38 (1H, t, 
J 10∙2, Ins-5-CH), 3∙34 (4H, t, J 7∙7, 2 × pyn-α-CH2), 2.82 (2H, m, R-OCH2CH2CN), 2∙35 (2H, t, 
J 7∙5, COOR-α-CH2), 2∙33 (2H, t, J 7∙6, COOR-α’-CH2), 1∙85 (4H, t, J 7∙6, 2 × pyn-β-CH2), 
1∙80-1∙20 (44H, m, 22 × CH2).    
P (162 MHz, CDCl3) 2∙81, 2∙86, 2∙99, 2∙97 (1P, 4 × s, Pv, (+/-)-phosphate tri-ester, four 
diastereoisomers visible).   
 
 
1-O-(1,2-O-Distearoylglycer-3-yloxy)(2-cyanoethyloxy)phosphoryl-4-O-di(2-
cyanoethyloxy)phosphoryl-(2,3)(5,6)-O-dicyclohexylidene-myo-inositol‡ (154, from 199) 
 
1-O-(cyanoethyloxy)phosphatidyl(1,2-O-distearoyl)glycerol-(2,3)-(5,6)-O-dicyclohexylidene-
myo-inositol (199, Mr = 1080∙06, 250 mg, 0∙231 mmol), was evaporated from pyridine 
(3 × 2 mL), before being dissolved in a solution of methylene chloride/pyridine (2∙5 mL, 3:2, 
v/v) to which N-methyl imidazole (Mr = 82∙11, 222 µL, 2∙778 mmol, 12∙0 eq), and then 
dicyanoethylphosphorochlorodite (202, 70%, 0∙1 g/mL stock in methylene chloride,  
Mr = 206∙57, 8∙2 mL, 2∙778 mmol, 12∙0 eq) and and the mixture stirred for 16 h.  After which 
time cyanoethanol (Mr = 71∙8, 157 µL, 2∙569 mmol, 11∙1 eq) was added, the mixture stirred for 
30 min and then cooled to 0 °C before tert-butyl peroxide (Mr = 90∙0, 249 µL, 5 M solution in 
decanes, 1∙248 mmol, 5∙0 eq) was added.  The mixture was stirred for 12 h before being 
quenched with water (5 mL), the volatile components being removed in vacuo, diluted with 
methyl cyanide (10 mL) and water (90 mL) and fractionated using a column of salinised silica 
eluting with methyl cyanide/water: 1:4 to 7:3 (100 mL portions), and flushed with ethyl acetate 
(100 mL portions).  The appropriate fractions were combined, dried (MgSO4), and adsorbed onto 
silica and fractionated by flash chromatography (1∙5 cm diameter × 10∙0 cm dry SiO2, eluting 
with diethyl ether-petroleum spirit, 0:1 to 1:0 and then methanol-ethyl acetate 0:1 to 1:1, 100 mL 
portions), affording the title compound as a white greasy solid (154, 248 mg, 85%). 
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Rf (ethyl acetate) 154 = 0∙26.   
m/z (ES+) for 154, [M+Na]+ = C66H113N3O16P2Na, [M+Na]
+ = 1,288∙7.   
H (400 MHz, CDCl3) 5∙30 (1H, m, glycerol-2-CH), 4∙68 (1H, m, Ins-1-CH), 4∙65 (2H, m, 
Ins-4-CH, Ins-2-CH), 4∙45-4∙15 (12H, m, 3 × R-OCH2CH2CN, glyceryl-3-CH2, glyceryl-1-CH2, 
Ins-3-CH, Ins-6-CH), 3∙51 (1H, t, J 10∙2, Ins-5-CH), 2∙84-2∙75 (6H, m, 3 × R-OCH2CH2CN), 
2∙40-2∙30 (4H, 2 × COOR-α-CH2), 1∙85-1∙20 (80H, m, 40 × CH2), 0∙90 (6H, t, 2 × CH3). 
P (162 MHz, CDCl3) -2∙312 (1P, s, Pv, dicyanoethyl phosphate tri-ester), -2∙78, -2∙97 (1P, 
2 × s, Pv, (+/-)-phosphate tri-ester (glyceride)).   
C (125 MHz, CDCl3) 173∙2, 172∙8, (esters), 116∙2, 116∙1, 116∙1, (nitriles) 114∙4, 112∙1, 
(acetals) 81∙0 (2C), 79∙4, (P-O-CHs), 76∙1, 75∙8, 75∙1, 74∙6, 69∙1, (R′CH2-O-Rs) 62∙2, 62∙1, 61∙7, 
60∙4 (R′CH-O-Rs), 37∙5, 36∙2, 35∙1, 34∙1, 34∙0, 31∙9, 29∙7, 29∙5, 29∙4, 29∙1, 24∙8, 24∙7, 23∙9, 22∙7, 
21∙0, 19∙6, 19∙5, (CH2), 14∙2, 14∙1 (CH3s).   
 
In order to prepare 1-O-(1-O-stearoyl-sn-2-oleoyl glycer-3-yloxy)(2-cyanoethyloxy) 
phosphoryl-4-O-di(2-cyanoethyloxy)phosphoryl-(2,3)(5,6)-O-dicyclohexylidene-myo-inositol 
(206), 1-O-(cyanoethyloxy)phosphatidyl(1-O-stearoyl-sn-2-oleoyl) glycerol-(2,3)-(5,6)-O-
dicyclohexylidene-myo-inositol (203, Mr = 875∙07, 921 mg, 1∙50 mmol, 1∙0 eq) was used instead 
of 1-O-(cyanoethyloxy)phosphatidyl(1,2-O-distearoyl)glycerol-(2,3)-(5,6)-O-dicyclohexylidene-
myo-inositol (above) , giving 85%. 
Rf (ethyl acetate) 206 = 0∙26.   
m/z (ES+) for 206, [M+Na]+ = C66H111N3O16P2Na, [M+Na]
+ = 1,286∙7.   
H (400 MHz, CDCl3) 5∙37 (2H, m, HC=CH), 5∙31 (1H, m, glyceryl-2-CH), 4∙78 (1H, m, 
Ins-1-CH), 4∙72-4∙60 (2H, m, Ins-4-CH, Ins-2-CH), 4∙45-4∙15 (11H, m, 3 × -OPOCH2CH2CN, 
glyceryl-3-CH2, Ins-3-CH), 4∙11 (1H, dd, J 10∙0, 4∙0, Ins-6-CH), 3∙52 (1H, t, J 10∙0, Ins-5-CH), 
2∙83 (6H, m, 3 × -OPOCH2CH2CN), 2∙40-2∙30 (4H, t, J 7∙7, 2 × COOR-α-CH2), 2∙03 (2H, m, 
2 × RCH2-CH=CHCH2R), 1∙90-1∙1 (68H, m, 34 × CH2), 0∙9 (6H, t, J 6∙8, 2 × CH3).   
P (162 MHz, CDCl3) -2∙32 (1P, s, Pv, dicyanoethyl phosphate tri-ester), -2∙79, -2∙96 (1P, 
2 × s, Pv, (+/-)-phosphate tri-ester (glyceride)).   
 
In order to prepare 1-O-(1-O-stearoyl-sn-2-γ-linolenoyl glycer-3-yloxy)(2-
cyanoethyloxy)phosphoryl-4-O-di(2-cyanoethyloxy)phosphoryl-(2,3)(5,6)-O-
dicyclohexylidene-myo-inositol (207), 1-O-(cyanoethyloxy)phosphatidyl(1-O-stearoyl-sn-2-γ-
linolenoyl)glycerol-(2,3)-(5,6)-O-dicyclohexylidene-myo-inositol (204, Mr = 875∙07, 921 mg, 
1∙50 mmol, 1∙0 eq) was used instead of 1-O-(cyanoethyloxy)phosphatidyl(1,2-O-
distearoyl)glycerol-(2,3)-(5,6)-O-dicyclohexylidene-myo-inositol (above), giving 85%. 
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Rf (ethyl acetate) 207 = 0∙27.   
m/z (ES+) for 207, [M+Na]+ = C66H107N3O16P2Na, [M+Na]
+ = 1,282∙6.   
H (400 MHz, CDCl3) 5∙47-5∙25 (7H, m, 3 × HC=CH, glyceryl-2-CH), 4∙78 (1H, m, 
Ins-1-CH), 4∙65 (2H, m, Ins-4-CH, Ins-2-CH), 4∙45-4∙15 (11H, m, 3 × -OPOCH2CH2CN, 
glyceryl-3-CH2, glyceryl-1-CH2, Ins-3-CH), 4∙10 (1H, t, J 9∙7, 4∙2, Ins-6-CH), 3∙51 (1H, t, J 9∙7, 
Ins-5-CH), 2∙90-2∙60 (10H, m, 3 × -OPOCH2CH2CN, 2 × CH=CH-CH2-CH=CH), 2∙34 (4H, t, 
J 7∙4, 2 × COOR-α-CH2), 2∙09 (4H, m, 2 × RCH2-CH=CHCH2R), 1∙85-1∙15 (48H, m, 24 × CH2), 
0∙90 (6H, t, J 6∙8, 2 × CH3).   
P (162 MHz, CDCl3) -2∙32 (1P, s, Pv, dicyanoethyl-phosphate tri-ester), -2∙78, -2∙96 (1P, 
2 × s, Pv, (+/-)-phosphate tri-ester).   
 
 
1-O-(1,2-O-Di[10-(pyren-1-yl)decanoyl]glycer-3-yloxy)(2-cyanoethyloxy)phosphoryl-4-O-di(2-
cyanoethyloxy)phosphoryl-(2,3)(5,6)-O-dicyclohexylidene-myo-inositol‡ (208) 
 
1-O-(cyanoethyloxy)phosphatidyl(1,2-O-Di[10-(pyren-1-yl)decanoyl]glycerol-(2,3)-(5,6)-O-
dicyclohexylidene-myo-inositol  (205, Mr = 1,255∙6, 120 mg, 0∙096 mmol, 1∙0 eq), was 
evaporated from pyridine (3 × 2 mL) before being dissolved in a solution of methylene 
chloride/pyridine (2∙5 mL, 3:2, v/v).  N-methyl imidazole (Mr = 82∙08, d = 1∙03, 31 µL, 
0∙382 mmol, 4∙0 eq), and then dicyanoethylphosphorochlorodite (202, 0∙5 M solution in 
methylene chloride, 764 µL, 0∙382 mmol, 4∙0 eq) were added and the homogenous mixture 
stirred for 16 h before cyanoethanol (Mr = 82∙08, d = 1∙03, 31 µL, 0∙382 mmol, 3∙1 eq) was 
added and the mixture stirred for a further 30 min before tert-butyl peroxide (Mr = 90∙01, 5 M 
solution in decanes, 95 µL, 0∙478 mmol, 5∙0 eq) was added and the mixture stirred for 16 h.  
After this time, the reaction mixture was quenched with water (1 mL), the more volatile solvents 
removed in vacuo, and diluted (9:1 water-methyl cyanide 100 mL) before being loaded onto a 
column of salinised silica which was eluted with methyl cyanide/water: 1:4 to 7:3, and then 
flushed with ethyl acetate.  The appropriate fractions were combined, diluted with methylene 
chloride (100 mL), dried (MgSO4) and the solvent removed in vacuo to leave the title compound as 
a thick colourless oil (104 mg, 75%).   
Rf (ethyl acetate) 208 = 0∙3.   
m/z (ES+) for 208, [M+Na]+ = C82H97N3O16P2Na, [M+Na]
+ = 1,464∙6.   
H (400 MHz, CDCl3) 8∙29-7∙87 (18H, 2 × pyn), 5∙30 (1H, m, glyceryl-2-CH), 4∙75 (1H, m, 
Ins-1-CH), 4∙61 (2H, m, Ins-4-CH, Ins-2-CH), 4∙33-4∙00 (12H, m, 3 × R-OCH2CH2CN, Ins-3-CH, 
Ins-6-CH, glyceryl-3-CH2, glyceryl-1-CH2), 3∙48 (1H, t, J 10∙2, Ins-5-CH), 3∙3 (4H, m,  
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2 × pyn-α-CH2), 2∙84-2∙75 (6H, m, R-OCH2CH2CN), 2∙37-2∙35 (4H, 2 × COOR-α-CH2), 1∙90-
1∙00 (44H, m, 22 × CH2).    
P (162 MHz, CDCl3) -2∙32 (1P, PV, dicyanoethyl-phosphate tri-ester), -2∙89 (1P, d, J 27∙5, 
PV, phosphate tri-ester (glyceride)).   
 
 
Distearoylphosphatidylinositol-4-phosphate-bis triethylammonium salt‡ (1) 
 
1-O-(1,2-O-Distearoylglycer-3-yloxy)(2-cyanoethyloxy)phosphoryl-4-O-di(2-
cyanoethyloxy)phosphoryl-(2,3)(5,6)-O-dicyclohexylidene-myo-inositol (154, Mr = 1,266∙1, 
250 mg, 0∙197 mmol, 1∙0 eq) was evaporated from methyl cyanide (3 × mL) before being 
dissolved in methylene chloride (3 mL), methyl cyanide (3 mL), trimethylsilyl chloride 
(Mr = 108∙64, d = 0∙865, 1 mL) and N,N,N′,N′-tetramethyl-N′′tert-butyl-guanidine (Barton‘s base, 
90%, Mr = 191∙3, d = 1∙457, 774 µL, 5∙924 mmol, 30∙0 eq) were added, and the mixture stirred 
for 16 h.  After this time, the volatile components were removed in vacuo and the organic 
products extracted under N2(g) (Gaffney filtration tube, 5% TMS-Cl in petroleum spirit).  The 
volatile components were removed in vacuo and 31P NMR spectroscopy data acquired to 
demonstrate the complete disappearance of both phosphate (carbo-)tri-esters  and the appearance 
of one (disilyl)phosphate-monoester and one (mono-silyl)phosphate diester in equal integration.   
The filtrate was then dried of solvent in vacuo and exposed to a stirred mixture of 
triethylamine and methanol for 20 min before being dried of solvent in vacuo.   
The residue was then exposed to aqueous acetic acid (2:1 CH3COOH/H2O) for 48 h.  
After this time the mixture was freeze dried (N2(l), over 24 h), yield quant.  The off-white 
solid was triturated from methyl cyanide and then ether before being dissolved in CDCl3 
and stirred for 15 min.  The solvent was removed in vacuo and the material dried in vacuo 
(CDCl3:CD3OD, 2:1, 3 × 3 mL). 
m/z (HR-ESI-) for 1, [M+H]+ = C45H87O16P2
= calculated 945∙5469, found 945∙5505.   
H (500 MHz, CDCl3-CD3OD, 1:1 v/v, 40 ˚C) 5∙00-5∙05 (1H, m, glyceryl-2-CH), 4∙20 (1H, 
dd, J 3∙2, 12∙1, glyceryl-3-CHH), 3∙94-4∙00 (2H, m,  glyceryl-3-CHH & Ins-4-CH), 3∙74-3∙88 
(obscured by CD3OH signal, 2H, m, glyceryl-1-CH2), 3∙72 (1H, ddd, J 9∙5, 8∙1, 2∙7, Ins-1-CH), 
3∙64 (1H, t, J 9∙5, Ins-6-CH), 3∙36 (1H, dd, J 9∙5, 2∙7, Ins-3-CH), 3∙20 (1H, t, J 9∙0, Ins-5-CH), 
3∙08 (6H, q, J 7∙3, TEA), 2∙2 (4H, m, 2 × COOR-α-CH2), 1∙49-1∙56 (4H, m, 2 × COOR-β-CH2), 
1∙18-1∙38 (70H, m, 35 × CH2s), 0∙80 (6H, t, J 7∙0, 2 × CH3).  Ins-2-CH is absent. 
P (202 MHz, CDCl3-CD3OD, 1:1 v/v, 40 ˚C) 1∙97 (1P, s, Ins-1-P=O(OR)(O.NHR3)), 0∙02 
(1P, s, Ins-4-P=O(OH)(O. NHR3)). 
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C (126 MHz, CDCl3-CD3OD, 1:1 v/v, 40 ˚C) 77∙2 (1C, d, Ins-4-CH, JP 5∙9), 76∙1 (1C, d, 
1-CH, JP 5∙9), 73∙8 (1C, Ins-5-CH), 71∙3 (1C, Ins-6-CH), 70∙8 (1C, Ins-2-CH), 70∙6 (1C, 
Ins-3-CH), 69∙9 (1C, b, glyceryl-2-CH), 63∙1 (2C, CH2), 62∙0, 46∙2 (H3CCH2N), 33∙5 (32C, CH2), 
33∙3 (11C), 28∙7 (2C), 28∙6 (2C), 28∙5 (3C), 28∙3, 24∙1 (2C), 21∙8 (2C), 12∙9 (2C, CH3), 7∙8 
(H3CCH2N), 1∙1.   
 
 
Stearoyl-oleoyl-phospatidylinositol-4-phosphate, triethylammonium salt‡ (2) 
 
In order to prepare Stearoyl-oleoyl-phospatidylinositol-4-phosphate (2), 
1-O-(1-O-stearoyl-sn-2-oleoyl glycer-3-yloxy)(2-cyanoethyloxy)phosphoryl-4-O-di(2-
cyanoethyloxy)phosphoryl-(2,3)(5,6)-O-dicyclohexylidene-myo-inositol (Mr = 875∙07, 921 mg, 
1∙50 mmol, 1∙0 eq) is used in place of 1-O-(1,2-O-Distearoylglycer-3-yloxy)(2-
cyanoethyloxy)phosphoryl-4-O-di(2-cyanoethyloxy)phosphoryl-(2,3)(5,6)-O-dicyclohexylidene-
myo-inositol in the procedure as described above (yield quant.).   
m/z (HR-ESI-) for 2, [M+H]+ = C45H85O16P2
= calculated 943∙5313, found 943∙5346.   
H (400 MHz, CDCl3-CD3OD 3:2 v/v, 40 ˚C) 5∙35 (2H, m, HC=CH), 5∙3 (1H, m, 
glyceryl-2-CH), 4∙3-3∙9 (7H, m, Ins-4-CH, Ins-1-CH, Ins-2-CH, glyceryl-3-CH2, glyceryl-1-CH2), 
3∙8 (1H, m, Ins-6-CH), 3∙65 (1H, m, Ins-3-CH), 3∙5 (12H, q, J 7∙0, TEA), 3∙4 (1H, m, Ins-5-CH),  
2∙0 (4H, m, 2 × ROOC-β-CH2s) 1∙60 (4H, m, 2 × RCH2-CH=CHCH2R), 1∙50-1∙10 (66H, m, 
33 × CH2), 0∙83 (6H, t, 2 × CH3). 
P (202 MHz, CDCl3:CD3OD [3:2], 313K) 1∙3 (1P, s, Ins-4-P=O(OH)(O.NHR3)), -0∙3 (1P, s, 
Ins-1-P=O(OR)(O. NHR3)). 
 
 
Stearoyl-γ-linolenoyl-phospatidylinositol-4-phosphate triethylammonium salt‡ (3)  
 
In order to prepare Stearoyl-γ-linolenoyl-phospatidylinositol-4-phosphate (3), 1-O-(1-O-
Stearoyl-2-O- -linoleoylglycer-3-yloxy)(2-cyanoethyloxy)phosphoryl-4-O-
(dicyanoethyl)phosphate-(2,3)(5,6)-O-dicyclohexylidene-myo-inositol (206), was used in place of 
1-O-(1,2-O-distearoylglycer-3-yloxy)(2-cyanoethyloxy)phosphoryl-4-O-di(2-
cyanoethyloxy)phosphoryl-(2,3)(5,6)-O-dicyclohexylidene-myo-inositol in the procedure as 
described above (yield quant.).   
m/z (HR-ESI-) for 3, [M+H]+ = C45H81O16P2
=, calculated 939∙5000, found 939∙5011. 
H (400 MHz, CDCl3:CD3OD [2:1], 25 °C) 5∙20 (6H, m, olefin CHs), 5∙05 (1H, m, glyceryl-
2-CH), 4∙2  (1H, m, glyceryl-3-CHH), 4∙12 (1H, m, glyceryl-3-CHH, Ins-4-CH), 4.00 (2H, m,  
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glyceryl-1-CH), 3∙9 (1H, m, Ins-1-CH), 3∙7 (obscured by CD3OH signal, 1H, m, Ins-6-CH), 3∙45 
(1H, m, Ins-3-CH), 3∙28 (1H, m, Ins-5-CH), 3∙2 (12H, q, J 7∙0, TEA), 3∙1 (1H, m, Ins-5-CH), 2∙85 
(8H, m, Ins-OHs, ), 2∙2 (4H, m, COOR-α-CH2s) 1∙90 (4H, m, 2 × RCH2-CH=CHCH2R), 1∙45 
(4H, m, 2 × ROOC-β-CH2),  1∙00-1∙30 (54H, m, 27 × CH2), 0∙83 (6H, t, 2 × CH3). 
P (202 MHz, CDCl3:CD3OD [3:2], 50 °C) 1∙00 (1P, s, Ins-1-P=O(OR)(O.NH4)), -1∙00 (1P, 
s, Ins-1-P=O(OH)(O.NH4)). 
 
 
3-Trimethylsilyloxy-propionitrile/cyanoethyloxytrimethylsilane (171, similar to refs41,61) 
 
3-hydroxy-propionitrile (40∙3 mL, 590∙0 mmol, 1∙0 eq) and triethylamine (84∙5 mL, 
610 mmol, 1∙03 eq) were dissolved in specially dried diethyl ether (100 mL) and cooled to 0 °C.  
A solution of trimethylsilyl chloride (76∙6 mL, 600 mmol, 1∙02 eq) in diethyl ether (200 mL) was 
added drop-wise to the strongly-stirred solution.  After 16 h, the reaction mixture was filtered 
under a flow of nitrogen, washing with dried diethyl ether.  The solvent was then removed in 
vacuo and the remaining pale brown oil was distilled (20 mmHg, 75-85 °C) to afford the title 
compound as a colourless oil (78∙0 g, 92%). 
δH (400MHz, DMSO): 3∙77 (2H, t, J 6∙3, R-O-CH2-R′), 2∙52 (2H, t, J 6∙3, -O-CH2-CH2-R′), 
0∙01 (9H, s, 3 × CH3). 
 
 
Tricyanoethyl phosphite (170) 
 
Cyanoethyloxytrimethylsilane (171, Mr = 143∙26, 24∙04 mL, 151∙29 mmol, 3∙3 eq), and 
phosphorus trichloride (Mr = 137∙33, d = 1∙574, 4∙0 mL, 45∙85 mmol, 1∙0 eq) were dissolved in 
methyl cyanide (40 mL) in a Young‘s flask, and stirred for 72 h before the volatile components 
were removed in vacuo (down to 1 mBar, warmed to 60 °C) to leave a colourless, viscous oil 
(11∙0 g, >70% pure by 31P NMR spectroscopy).   
δH (400MHz, DMSO) 4∙03 (6H, dd, J 6∙2, 13∙0, 3 × R-CH2-CN), 2∙86 (6H, t, J 5.9, 
3 × P-(O-CH2-R)2). 
P (202 MHz, DMSO) 137∙61 (1P, PIII). 
C (125 MHz, DMSO) 119∙18 (3C, 3 × -CN), 58∙07 (3C, JP-O-C 11∙0, 3 × P-O-CH2-R), 20.11 
(1C, JC-C 4∙6, 3 × -O-CH2-CH2-R).   
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Dicyanoethylphosphorochlorodite (202) 
 
Cyanoethyloxytrimethylsilane (171, Mr = 143∙26, 14∙28 g, 99∙7 mmol, 2∙2 eq), and 
phosphorus trichloride (Mr = 137∙33, 3∙95 mL, 45∙3 mmol, 1∙0 eq) were dissolved in methyl 
cyanide (40 mL) in a Young‘s flask, and stirred for 48 h before the volatile components were 
removed in vacuo (down to 1 mBar, warmed to 60 °C) to leave a colourless, viscous oil (9∙36 g, 
>70% pure by 31P NMR spectroscopy. Contaminated with tricyanoethylphosphite, 170).   
δH (400MHz, CDCl3) 4∙23 (4H, dd, J 6∙5, 13∙1), 2∙77 (4H, t, J 6∙1).   
P (202 MHz, CDCl3) 165∙0 (1P, PIII).   
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Fig. 44, a-e left to right.  (a) a 2D space lattice with cubic spacing of lattice points; (b) Lattice planes on this 
space lattice with labels (1, 1, 0) and Miller index (110); (c) similarly with labels (-1, 1, 0), Miller index 
(ˉ110; (d) Similarly with labels (0, 1, 0), Miller index (010) and (e) similarly with labels (1/2, 1/3, ∞), 
Miller index (230).      
 
 
Fig. 45.  14 Bravais lattices.  From top left: 
Cubic, face-centred cubic, body centred cubic, 
tetragonal, body centred tetragonal, hexagonal, 
simple ortho-rhombic, body centred ortho-
rhombic, base-centred ortho-rhombic, face-centred 
ortho-rhombic, Rhombohedral, simple mono-
clinic, base-centred mono-clinic, triclinic.  
Diagram from ref 323.
 
 
 
 
 
 
 
Fig. 46.  A basic unit cell, the most simple 
three dimenstional repeating unit of a 
crystal.  Axes a, b, and c represent axes in 
space and are comparable to h, k,  and l.   
 
 
 
 
Fig. 47, left.  
Examples of the three-
digit Miller indices of 
some lattice planes 
(hashed).  The order of 
the digits is strictly 
hkl, and not the 
crystallographic 
convention of 
ascending order.  
Diagram from ref 2. 
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Chapter 10 – Theory, Experimental and Methods in Biophysical 
Studies 
 
(i) Lattices and Miller indices 
 
Crystals are defined by possessing a spatial periodicity that means they can be distinguished 
by an ordered arrangement of points in space.  This type of arrangement is called a lattice, the 
points that determine them are the lattice points.  The arrangement into which the lattice points 
fall is known as a space lattice (e.g. Fig. 44).  Three or more non-coplanar lattice points on a plane 
constitutes a lattice plane.  A stack of such planes with atoms or ions as the lattice points 
constitutes a crystal lattice.  Despite the apparent breadth of permutations this may allow, only 
14 such lattices, termed Bravais lattices, are mathematically possible (Fig. 45).  The periodicity of 
the crystals means that the images cast by diffraction on their lattice planes gives rise to the use of 
Fourier Series in the mathematical understanding of them (see below).  The smallest repeating 
three-dimensional unit of a crystal lattice is known as a unit cell (Fig. 46), and is defined by six 
parameters, namely angles α, β, γ, and lengths a, b, and c.  The simplest example of a unit cell is 
a cube, in which all of the angles are equal to 90° and all three axes are the same length.   
The non-coplanar points in sets of adjacent (and indistinguishable) repeating units form vast 
lattice planes, the periodicity of which defines the crystal structure.  This forms the basis for 
Miller indices in which the edges of unit cells are divided into integral numbers of equal parts by 
lattice planes.  However in systems that do not possess equally periodic symmetry in all three 
dimensions a different notation is used.  For example, several two-dimensional lattices may be 
drawn on the space lattice (Fig. 44b, c, d, e).  This more sophisticated notation is based upon the 
reciprocal of these figures, giving rise to fractions being represented as integer values.  These 
reciprocal values are represented as h, k, and l and form the values in the Miller index.  This 
enables us to describe lattice planes accurately, as the axes of the unit cell represent Miller indices 
as (hkl)324 (Fig. 47).   
Further details involve the use of parentheses, square brackets and braces.  A set of Miller 
indices within parentheses refers to a particular set of lattice planes that are perpendicular to the x 
(abscissa) axis, e.g. (100) as shown in Fig. 47.  By contrast, indices in braces, e.g. {100} refers to 
the plane parallel to the y (ordinate) and [100] the same in the z (applicate) axes.  Thus {100} and 
(010), and [100] and (001) have the same meaning in this context and are the numberical values 
for that unit cell of (hkl), {klh} and [lhk].    
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Graph 2.  X-Ray wavelength spectra for Molybdenum (Mo) and Copper 
(Cu) showing characteristic sharp lines. The shortest wavelength points 
(λSWL) are marked a and b for Mo and Cu respectively.  The relatively 
featureless area upon which the sharp peaks are superimposed is known as 
a Bremsstralung back ground.  Graph taken from ref 325. 
 
 
 
a      b      
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(ii) Background to X-Ray diffraction 
 
Several methods for measuring phase behaviour are available to the modern biophysicist, 
including ones based upon neutron and x-ray scattering324.  Good resolution is achieved in x-ray 
diffraction as the wavelength of the radiation is 1-2 Å, which is comparable with the distance 
between lattice planes formed by lipid molecules in systems of varying hydrations, compositions 
and volumes.  X-ray diffraction is defined as a probing observational technique that comprises a 
beam of x- rays that are passed through a sample that scatters them, followed by the diffraction 
pattern being recorded on photo-sensitive paper or by a digital camera324,326.   
 
 
(iii) Generation of X-rays: displacement of core electrons  
 
The generation of X-rays for the purposes of diffraction studies arises from the ejection (also 
called displacement) of electrons from the core shells of metal atoms.  This also forms the central 
principle behind X-ray photoelectron spectroscopy (XPS) in which the energy given off by the 
displacement of core-shell electrons is measured and used to identify the atoms in the sample324.  
This energy is characteristic of the energy level and atom from which the electron is displaced, 
and so can be used to identify the type of atom(s) present326.  For example, the characteristic 
energies of 1s electrons ejected from  magnesium, aluminium and copper are 1,253∙6 eV, 
1,486∙6  eV, and 8,048∙8 eV, respectively326,327.  Photo-electron spectra can be interpreted in terms 
of Koopman’s approximation which relates the ionisation energy and the orbital energy of the 
ejected electron as being equal.  This is no more than an approximation because it does not 
account for the fact that the unejected electrons in outer electron shells do not necessarily remain 
in their previous positions, but redistribute to an energetically favourable arrangement, vis. a 
space in the 1s orbital is much less energetically favourable as one in the outer (f) orbital324.   
Typically, in x-ray generation for crystallography the initial beam of x-rays is generated by 
creating a high potential difference between a cathode made of tungsten and a copper anode.  
The kinetic energy striking the copper cathode, when sufficiently high, gives out enough energy 
in the form of x-rays to displace the 1s electron of copper atoms (8,048∙8 eV).  If the incoming 
energy displaces the copper 1s electron, it will also induce electronic transitions in the inner 
orbitals the copper atom(s).  This also causes the release of a x-ray photon of (characteristic) 
8,048∙8 eV energy.  A variety of wavelengths of energy is emitted by the inelastic scattering of the 
displaced electron by the atomic nucleus.  It is also possible for the displaced electron(s) to emit 
their energy over more than one impact, with a proportion of their kinetic energy (KE) lost each 
time. This gives rise to the phenomenon known as bremsstrahlung (German for ―decelerating  
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radiation‖), providing the underlying integration upon which the characteristic sharp lines are 
super imposed.  Bremsstrahlung is not therefore nuclear-specific and is dependant upon the 
energy put in.  Subsequently, bremsstrahlung is known as the continuum component of the 
signal.  Analyses of the wavelengths produced with copper anodes (Graph 2) show that there is 
no radiation below a particular wavelength (λSWL, the lowest point of the bremsstrahlung) with an 
initial statistical increase above this point, before dropping again, but with two noticeable and 
characteristic peaks at 1∙5418 Å (Kα) and ~1∙3922 Å (Kβ).  The Kα signal is in fact made up of 
two signals Kα1 (1∙54056 Å) and Kα2 (1∙54439 Å).  Fortunately, these sharp lines have a very high 
relative intensity, giving rise to approximately mono-chromatic radiation if required.  The sharp 
characteristic lines Kα and Kβ are the result of electronic vacancies being filled by an electron 
from the L or M shell respectively.  L and M refer to the first two electron shells immediately 
above the K shell.  It is the latter from which the 1s electron is displaced.  The same process in 
molybdenum also shows characteristic wavelengths (Graph 2).   
An increase in power, vis. a higher potential difference between the electrodes is known as 
an increase in the accelerating potential (Vacc) and gives rise to proportionally lower values of λSWL 
(through greater, energy-dependant, bremsstrahlung) as well as an increase in the intensity of all 
wavelengths above this point.  In practice, increases in Vacc are partly limited by the mechanism 
for cooling the anode.  Under laboratory conditions, normally a water cooling system is 
sufficient for a potential difference of around 40 kV between the electrodes.  An ingenious 
method of improving the system and making the source of x-rays more consistent is to rotate the 
anode at high speed.   
 
 
(iv) Detection of X-rays: Introduction 
 
The earliest method for detecting x-rays was pioneered by their discoverer W. Röntgen and 
employed BaPt(CN)6 which glows characteristically green when bombarded by radiation of x-ray 
wavelength (1-2 Å).  In order to extract clearer data the reaction of reducing a mixture of silver 
iodide and silver bromide to metallic silver mediated by silver sulphide has been used, something 
that forms the basis for the utility of traditional x-ray film.  More recently, charge-coupled 
devices (CCDs) have become established in the detecting of scattered x-rays2.   
CCD detectors are a sought-after advance on traditional x-ray-sensitive films for a number of 
reasons.  First, x-ray film is not re-usable and has a dynamic range lower by several orders of 
magnitude than a digital device.  However, some compensation for the latter problem can be 
made by stacking layers of films before exposure to an x-ray source.  Second, the data collection 
processes required for the use of x-ray sensitive films are lengthier than that required for a digital 
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Scheme 57.  Schematic representation of the sequence of processing in a CCD camera used for XRD image 
collection.  Yellow arrows show the direction and movement of electro-magnetic waves from one component 
to the next.  Components: 1 is the diffracted image of x-rays from the sample.  2 is the phosphor that uses the 
photo electric effect to turn the x-ras that fall upon the phosphor surface into light rays.  These are then 
collimated by a fibre-optic bundle (3) before being fed into an image intensifier (4).  The light rays are then 
focussed onto the front of the CCD (6) by a focussing lens (5).  The electronic read out from the CCD is then 
fed to a computer (PC) for image processing. 
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device, vis. the film must be developed, the exposure levels determined using a 
microdensitometer before the peaks can be assigned, where a CCD can produce an assignable  
image only a few seconds after the image is taken.  Despite these disadvantages, where film can 
be used it can be convenient because it is relatively inexpensive, easy to obtain and gives a 
uniform response over the full area of the film.  Developed x-ray film also provides a permanent 
record of the diffraction pattern observed.  The absorption of x-ray film is also within useful 
limits, being between 20 and 70% for wavelengths between 0∙6 and 2∙0 Å.   
 
 
(v) Detection of X-rays: Charge-coupled detectors   
 
In order to produce convenient and consistent XRD data, a beamline specially-constructed 
at Imperial College was equipped with a CCD detector was used for the diffraction studies in this 
work.  A CCD camera is able to convert the intensities of the scattered waves/particles into an 
image that can be processed by a computer.  The precise details of CCD construction are 
discussed in detail in other texts2,328 though the basic principles common to all such detectors are 
discussed vide infra and shown in Scheme 57. 
In the CCD camera (x-ray intensified CCD Gemstar detector, Photonic Science, East Sussex, 
UK) diffracted x-rays are converted to light rays (increasing the wavelength by approximately 103 
times) using a phosphor (2, Scheme 57).  Phosphors are typically comprise inorganic materials 
such as Gd2O2S (as in the Nonius Kappa CCD diffractometer
329) or Gd2O2S with Tb (5-55 keV 
range) and CsI with Tl (30-100 keV range) as in the Gemstar CCD detector on the Bede 
beamline330.  The light rays released by the phosphor are then collimated to give parallel set of 
rays (3, Scheme 57) intensified (4, Scheme 57) before being focussed by a lens (4, Scheme 57) onto a 
light-sensitive two-dimensional silicon chip at the front of the CCD (5, Scheme 57).  This chip is 
able to convert the energy of the photons into an electrical charge, using the photoelectric effect.  
The conversion system retains positional accuracy (i.e. provides an accurate representation of the 
physical arrangement of the photons in the y,z plane) with the use of pixels that feed into a sense 
capacitor, the former being connected to the latter by shift registers.  These systems are small 
discrete areas of the silicon chip that convert the light to a charge independently of the 
neighbouring ones.  Crucially, as the exposures are not instantaneous, the charge must be 
accumulated by the pixels over the course of the exposure.  This is also known as the integration 
time and can be related to intensity in the final image(s) and can therefore these values can be 
used as a function of one another if required.  Changes to the length of exposure are useful for 
adjustments to reach experimental optima, and so this feature is exploited in CCD design.  Once 
the exposure is complete, the charge is fed from pixel to pixel within a set of connected pixels by 
shift registers in a process known as switching.  In a CCD the charge built up over the course of 
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Fig. 48.  Braggs’ Law shown diagramatically.  The monochromic incoming beam of x-rays showing waves 
capable of constructive interference (1, 2 and 3) and of destructive interference (1a’ and 2a’).  Diagram from 
ref 2. 
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the integration time is measured as a function of the position of the discrete set of pixels and is 
fed to a computer.  The computer constructs a 2D image of the pixel intensities (e.g. Fig. 66).  
Once read out, the charge is released so that further images may be taken with the same detector.  
The fineness of the sets of pixels determines the resolution of the detector.   
Modern CCD devices are cooled in order to atone for a phenomenon called dark current.  
This arises from the dissipation of the potential energy caused by electrons and holes in the 
phosphor as heat.  Crucially this phenomenon occurs in the absence of photons, but provides a 
source of noise in the images recorded.  Fortunately the appearance of dark current as noise is 
either random or more commonly as fixed-pattern noise, that can usually be readily separated 
from the diffraction pattern produced by the sample. 
 
 
(vi) Symmetry and observation using waves: Basic premiss 
 
The analysis of the structure of the lattices of crystalline and liquid crystalline systems is 
based upon their symmetry which is defined as the pattern of surfaces (planes) created by regular 
order within the crystal.  The surfaces created by the order in the system may be further analysed 
if a spectroscopic method could be found that was able to illuminate the surface(s) present.  This 
is indeed possible to do with planes created by crystal lattices.  It requires electromagnetic 
radiation of a wavelength of approximately 1-2 Å (x-rays), which is commensurate with the size 
and distances between the points of the crystal lattice.  The experimental technique that exists for 
probing on an atomic scale is known as x-ray diffraction, after the type of electro-magnetic 
radiation used and the process by which its straight path is bent.   
 
 
(vii) Symmetry and observation using waves: understanding of diffraction by Braggs’ Law 
 
The results of the atomic-level technique known as x-ray diffraction (XRD), are understood 
in this work using Braggs‘ law of diffraction.  X-ray diffraction has been used on a variety of 
targets, from DNA331, to simple ionic salts332 as well as those comprising hydrated lipids.  The 
symmetry possessed by systems with crystalline character gives rise to diffraction patterns, made 
up of so-called Bragg reflections (discussed below).   
The principles of XRD were described by W. H. and W. L. Bragg to give Braggs‘ law, which 
informs our interpretation of XRD diffraction patterns (Fig. 48).  Diffraction, defined as the 
scattering of waves by an object (rather than simple absorption, or reflection or refraction of the 
energy) can be either elastic or inelastic.  Inelastic scattering is an interaction between an x-ray 
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wave and an atom in which the wave is deflected by the electron.  This process necessarily 
means that the wave loses some of its energy to the electron, reducing the energy of and 
increasing the wavelength of the deflected wave.  Elastic scattering involves interaction between 
the wave and an electron, causing the latter to vibrate and release x-rays of the same wavelength 
as the incident waves, giving rise to the possibility of interference effects, by the electron on the 
path of the wave front.   
Braggs‘ Law states that only a certain angle of incidence of x-rays on to a lattice plane gives 
rise to observed diffraction patterns.  This can also be described as a given angle of incidence 
leading to constructive interference between waves.  Constructive interference can only occur 
when waves are in phase, giving a wave of greater amplitude but unaltered frequency.   
Destructive interference is the term given to interference between out-of-phase waves that 
leads to the two cancelling one another out.  Constructive interference and elastic scattering is 
the basis for x-ray diffraction studies, with inelastic scattering and destructive interference in 
elastic scattering representing invisible or background effects in XRD, respectively.  The 
trigonometrical phase difference between waves can be described for photons 1 and 1a (Fig. 48): 
 
EI – GF = GIcosθ – IGcosθ = 0 Eq. 8 
 
Thus all waves that approach the lattice point at this angle will be in phase.  Photons with a 
common angle of incidence that arrive at the plane normal on different diffracted (lattice) planes 
may also interfere constructively, e.g. photons 1 and 2 (Fig. 48).  This is described 
trigonometrically as: 
 
HJ + JK = d′sinθ + d′sinθ = 2.d′sinθ Eq. 9 
 
  In which d′ = IJ (hypotenuse) that is known as the spacing between lattice planes, the 
lattice parameter.  This means that the sine of the angle between the hypotenuse and the second 
side multiplied by the distance d is equal to the wavelength of the waves diffracted, or an integer 
multiple of this value.  Where the distance HJK (Fig. 48) represents an integer (n) number of 
wavelengths, constructive interference is ensured as the waves are in phase.  Where this occurs, 
the assertion made in Eq. 9 can be re-written as Eq. 10: 
 
nλ = 2dsinθ Eq. 10.  Braggs’ Law 
 
In this equation, λ is the wavelength of the incident beam of electromagnetic radiation, θ the 
angle of incidence and d the distance between the lattice planes.  The distance between the 
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atomic planes can be calculated from the diffraction pattern and is commonly referred to as the 
d-spacing or lattice parameter.  Where the lattice parameter or distance between lattice points 
does not allow an integer nλ relationship between diffracted photons, e.g. photons 1a and 2a (Fig. 
48), destructive interference is encountered.  The implication from Braggs‘ law is that there are 
several angles of incidence for which in-phase interference can occur, other angles being those of 
out-of-phase and thus destructive interaction.   
Due to the narrow ambit for satisfying Eq. 10 the number of wave/particles that diffract 
constructively is relatively few, apparently limiting the power of the technique.  The scope for 
this form of diffraction is further limited by the degree to which atoms are able to scatter 
electromagnetic radiation, a factor that is dependent upon the atomic mass of the atom.  Atoms 
with smaller atomic masses have fewer electrons and so are less able to diffract electro-magnetic 
waves than larger ones.  Thus, the aggregations of phosphorus-containing lipids are more clearly 
observed than those compounds comprising only carbon, hydrogen, oxygen and nitrogen.  The 
proportion of diffracted x-ray waves is reduced to around 1 in 104 for most organic compounds.   
 
 
(viii) Miller indices and the spacing of lattice planes 
 
In normal lipid systems, the reflections observed from diffracted x-rays take the form of 
concentric rings.  The ratia of these rings from the central point is crucial in understanding the 
structural arrangement (assembly) of lipids in a system as each ring represents a periodic 
separation distance between lattice planes.  Several diffraction patterns with characteristic ratia 
have been demonstrated, which are used to indicate particular arrangements of crystal lattices, 
known as phases.  These lattice planes are understood by the placement on three non-coplanar 
axes (x, y, z; the ordinate, abssisca and applicate, respectively).  Bragg reflections observed in the 
diffraction pattern have been found to fall into characteristic ratia which are themselves derived 
from the reciprocal spacings of the lattice planes (h, k, and l) of the given lipid assembly that 
produced them.  For example, the hexagonal phase is a series of lattice points arranged as shown 
in Fig. 49.  Four types of lattice plane exist, though a theoretically infinite series of increasing 
distances between lattice points exists, the first three of which are shown in Fig. 49.    
Taking the square lattice as an example, the separation between two planes can be described 
as shown in Fig. 50.  In this example, a derivative of Pythagoras‘ theorem (original form: 
√a2 = √(b2 + c2), Eq. 11) is used to determine the distance between planes algebraically, shown as 
dhkl.  In this example, dhkl is also dhk0 as the phase has only two-dimensional symmetry.  The 
distance between lattice points is used to construct the Miller index which therefore represents 
distances a/h and a/k.  These give us the proportion of the a axis over which the Miller index is  
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Fig. 49, a-c.  Left to right: (a) The hexagonal lattice, with conceptual hexagon shown; (b) the four types of 
lattice plane in the hexagonal lattice; (c) the first three ratia of signals in the hexagonal diffraction pattern 
arise from the distances shown, 1 : √3 : 2, clockwise, respectively.   
 
 
 
 
 
 
Fig. 50.  The geometry of the calculation of the separation of the planes (hkl) in terms of the Miller indices 
for a square lattice.  The blue lines represent lattice planes and thus dhkl is the distance between them.   
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 Applicable for the spacing shown and can be described thus: 
 
dhk0 = a/(h
2 + k2)1/2  
 
therefore 
 
1/d2hkl = (h
2 + k2)/a2    
 
This can be extended to cover cubic, hexagonal and lamellar (one-dimensional) lipid 
mesophases lattices, discussed below.   
 
 
(ix) Indexing reflections: the connection between Miller indices and Bragg reflections 
 
The expressions corresponding to the separation of planes are typically represented as the 
reciprocal of the lattice spacings, s, thus: 
 
1/dhkl = shkl 
 
The spacing of lattice planes in the three most common phase types are therefore described 
algebraically: 
 
Lamellar: sl  = l/d 
 
Hexagonal: shk = 2.(h
2 + k2 – hk)1/2/ 31/2.a 
 
Cubic: shkl = (h
2 + k2 + l2)1/2/a 
Eq. 12 
 
Eq. 13 
 
Eq. 14 
 
In which d represents the shortest distance between lattice planes (lattice parameter, the 
d-spacing) and is related to the lattice spacing a in hexagonal phases by Eq. 7 (page 97).  These 
equations can be substituted into the Bragg equation to give the diffraction angle at which the 
(hkl) planes give the reflections.  With the hexagonal phase: 
 
 
 
[P.T.O.] 
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2dsinθ  = λ 
sinθ = λ/2d 
 
and 
 
dhkl  = (2.(h
2 + k2 – hk)1/2) / (31/2.a) 
 
thus 
 
sinθ = λ/[2(2.(h2 + k2 – hk)1/2) / (31/2.a)] 
 = λ/[4((h2 + k2 – hk)1/2) / (31/2.a)] 
 
Eq. 10 
 
 
 
 
Eq. 15 
 
 
 
 
Eq. 16 
 
The reflections can then be predicted by substituting in the values for h, k, and l into Eq. 12, 
Eq. 13 or Eq. 14 as appropriate.  For example, with the hexagonal phase: 
 
(hkl)  (100) (110) (120) (200) (210) (220) (230) 
(h2 + k2 – hk) 1 1 3 4 3 4 7 
 
Notably, some of the values of the reflections are not unique to one Miller index.  In this 
case, the signals give a combined intensity.  The algebraic descriptions of the spacing of Bragg 
reflections are the following for the three phases, with the square root (Eq. 16) included: 
 
Lamellar: 1, 2, 3, 4… 
Hexagonal: 1, 1, 3, 4, 3, 4, 7... which is equivalent to 1, √3, 2, √7, 3, √12, √13… 
Cubic: 1, 2, 3, 4, 5, 6, 8, 9, 9, 10... which is equivalent to 1, √2, √3, 2, √5, √6, √8, 3… 
 
Where the Miller index for one of the planes in the lamellar phase is (300), the ratio between 
this number of lattice planes will also be 3 as d is common to all plane spacing and thus does not 
alter the ratio of the distances between planes; reflections along the kl planes do not exist.  
Because lattice spacing, a, and lattice parameter, d, are distinguishable in the hexagonal phase, 
the expression that relates them may be removed in determining the symmetric ratio as it is 
common to all the lattice plane spacings (Eq. 7, page 97).  Subsequently, the Miller index (120) in 
the hexagonal phase predicts a reflection at √3.   
As well as the combining of signal intensities, (also observed in the cubic phase, e.g. the √3 
signal), other signals may not be present.  For example, in the cubic phase, no set of squared 
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integer values can add up to give 7.  This reflection does therefore not appear.  This should not 
be confused with systematic absences that are described below.   
 
(x)  Determining crystal structure:  Periodicity and systematic absences 
 
In order to determine the structure of a mesophases by XRD, the periodicity associated with 
the lattice planes such as those shown in Fig. 49 must be separated from the geometry of the unit 
cell.  Once the unit cell is defined, the Bravais lattice (one of those in Fig. 45) can be identified, 
and thence the mesophase.  A clear understanding of periodicity in space is described by Fourier 
transformations333 and thus these can be can be used to understand the spatial periodicities 
involved in crystals10,11.    
Systematic absences are the result of destructive interference of diffracted waves.  The waves 
are diffracted by lattice planes in such a way as to alter the path length of one of the rays relative 
to the other.  Systematic absences can also be described as the sum of the Miller indices that 
leads to an intensity of zero  for the Bragg signal, due to a phase difference between waves after 
being diffracted.  For example, if two lattice planes (A and B) are separated by a distance 2π, and 
waves diffracted off these two surfaces are in phase, a lattice plane C between then as distance π 
will cause diffracted waves to be out-of-phase.  This reduces the intensity of diffracted waves to 
zero, however a signal indicting the periodic distance between planes A and C is still visible as 
waves that diffract off these two planes remain in phase.  The difference relating to the phasing 
can be described mathematically as: 
 
Φhkl = 2π(hx + ky + lz) Eq. 17 
 
In which Φhkl  represents that phase difference between wave fronts diffracting from two 
lattice planes.  This formula applies in a system containing lattice points at co-ordinates (xa, yb, 
zc), with respect to a lattice point at the origin, where x, y and z lie in the range 0 to 1.  This allows 
us to calculate the difference between the Miller index reflections of the lattice point at the origin 
and those at the co-ordinates.  In a cubic system, this can be exemplified by a lattice with one 
type of atom at the origin (e.g. a metal cation), and three others, of another type (e.g. chloride 
anions) at the co-ordinates relating to x, y, and z.  If the reflections interfere destructively because 
they have a phase difference π instead of 2π, the total intensity of that signal becomes nought if 
the atoms at the lattice points have the same scattering power.  Ions rarely have indistinguishable 
scattering power as they will typically have different numbers of electrons, even if only slightly.   
The scattering power of two planes in an assembly of phospholipids is much more likely as 
the scattering intensity of two planes of the phospholipid assembly will in practice be atomically 
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indistinguishable.  Instead, the ions of differing by similar form factors with give rise to a much-
reduced intensity for the signal in question rather than no signal at all.  Following the example 
above, if the system is body-centred (also called cubic I, see Fig. 45) with the second type of atom 
at x + y + z = 0∙5 then the phase difference (Eq. 17) becomes π (h + k + l) and thus when values of 
h + k + l are odd, the intensity of the reflections becomes (near) zero as the spacing is the result of 
an intger multiple of π and not 2π.  These systematic absences from a diffraction spectrum 
readily indicates the particular form of cubic phase i.e. face-centred cubic, body-centred cubic or 
primitive cubic.  The latter have the greatest number of reflections of the cubic phases.   
 
(xi) Form and structure factors 
 
There is much evidence to suggest that phase differences have an important influence on the 
over all ability of a mesophases to scatter radiation11,324.  Subsequently, the phase difference plays 
a role in the mathematical definition of the ability of a system to scatter x-rays elastically.  This 
property of matter is known as the structure factor, Fhkl, and can be described in simple form as 
the total amplitude of diffracted waves at the detector.  In addition to a term representing the 
phase difference between lattice planes (or types of lattice point, e.g. the ions in a crystal of KCl 
that make up the lattice planes in that crystal), the amplitude of the scattering from individual 
planes (or types of lattice point), known as the form factor f is also involved.  Thus: 
 
Fhkl = fA + fBe
iФhkl Eq. 18 
 
In which fA and fB are form factors for two different planes or two different ions.  The 
exponential function adjusts the amplitude of fB with respect to the interactions it has with fA.  In 
a system composed of naturally-occuring phospholipids the values for f will be indistinguishable 
for the different planes, making systematic absences clear.  In simple ionic systems (NaCl, KCl, 
LiBr, &c) the planes are made up of atomically different types of ion, the sharply contrasting 
electron density in e.g. Br- and Li+ ions means that the amplitudes of the waves that interfere in 
an out-of-phase manner do not cancel out entirely.   
The equation for calculating the structure factor Fhkl can be extended to cover systems in 
which there are several different periodic distances between lattice planes.  Although this can be 
used for ions with different values for their form factors, it can also be used for phospholipids in 
which the form factor is universal, denoted fj.  Thus:  
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Fig. 51.  Ewald sphere extension of Braggs’ Law.  ki  is the incident wave/particle, ks the diffracted 
wave/particle, O the real lattice point (an atom) on a lattice plane, with Q and P as reciprocal lattice points.  
Distiance QP is vector S, which is known as the scattering vector and is described as S = ks - ki.  ζ = QÔP.  
 
 
 
 
 
Fig. 52.  A depiction of the Ewald sphere (courtesy of Dr R. J. Read) showing the angles.  Encircled numbers 
represent the following: 1. vector ki, 2. vector ks, 3. vector ki, 
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Fhkl = ∑ fje
iФhkl(j)
    
 
in which   
 
Фhkl(j) = 2π(hx + ky + lz)   [from Eq. 17] 
Eq. 19 
  
Eq. 19 can be used for determining the structure of the (liquid) crystal under examination 
from the diffraction image observed because it allows us to assign structural facets to the degree 
of scattering the sample induces in the incident beam (ki) in producing the scattered beam (ks, 
shown in Fig. 51).  The structure factor Fhkl is therefore a general form of Eq. 18 described above, 
as the sum covers all of the lattice planes in the unit cell.  The intensity of the observed signals 
I(Fhkl) is proportional to the square of the structure factor.   
In order to calculate the structure factor mathematically, the dimensions of a unit cell (a, b, 
c) must be made into the integer values of the Miller indices (hkl).  This requires taking the 
reciprocal of all distances in the unit cell, from which we create a reciprocal lattice.  This is 
realised by using an Ewald‘s sphere (Fig. 51).  This process isolates the unit cell from the crystal 
and although the lattice points remain real, the distances between them are shortened.  Similarly, 
the distance between the lattice planes (lattice parameter, d-spacing) in a reciprocal lattice is the 
reciprocal of the dimensions of the real lattice in terms of each lattice point.  The power of the 
concept of reciprocal space becomes useful when the set of lattice planes in real space become a 
set of reciprocal lattice points and it is through these that Braggs‘ law is satisified for the atomic 
system under examination.   
In an Ewald‘s sphere realisation (Fig. 51), the incident photon beam ki is scattered by the 
atom at the origin (point O) to give photon beam ks which strikes the edge of the Ewald sphere at 
point Q.  Distance OP is the reciprocal of the distance between point O and and another lattice 
point on the same plane as QP.  In Fig. 51, distance QP is analgous to the HJ and JK distances in 
Fig. 48.  Distance QP is also the placement of the vector of the structure factor.  The geometry in 
reciprocal space (Fig. 52) invites a second derivation of Bragg‘s law.  Where the angle QÔP (Fig. 
51) is 2θ, the right-angled triangle MQP possesses an angle of θ at corner M.  If we take corner P 
to represent the origin of the reciprocal lattice (Miller index (000)), and point Q to be a given 
lattice plane (hkl), the distance between them in reciprocal space will be 1/dhkl , i.e. the periodic 
distance between two lattice planes in reciprocal space – and represents the distance opposite to 
the angle θ.  The distance OP is the radius (r) of the circle or sphere and thus MP is 2r.  If the 
waves are in phase 2r will equal 2.nλ.  This becomes 1/2.nλ as the distance exists in reciprocal 
space, and is the distance adjacent to the angle θ.  If we then apply known trigonometry referring 
to the ratio of distance opposite the angle and that adjacent to it, the following emerges: 
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Sinθ  = (1/dhkl)/(2/nλ) 
  = (1/dhkl).(nλ/2) 
  = nλ/2.dhkl 
Sinθ.2. dhkl = nλ 
 
Which is the same equation as that in the derivation of Bragg‘s law, above (Eq. 10).   
Taking the hexagonal system as an example, this understanding of the periodicity in crystal 
systems can be used to identify the structure of individual cylinders and of the lattice upon which 
they are arranged from diffraction patterns334.  The functions g and f represent the real-space 
structures of one cylinder, and the lattice, respectively.  Employing convolution theorem, which 
is defined as the Fourier transform of the colvolution of two functions is equal to the product of 
the Fourier transforms of the two functions.  Convolution theorem makes it mathematically 
possible to determine the structure of the hexagonal phase from the unit cell that emerges as it 
allows us to separate the components of the Fourier transformation of the image observed.  The 
Fourier transform of the structure of the hexagonal phase in real space, h(r), is equal to the 
product of those of g(r) (one individual cylinder) and f (r) (the lattice upon which the cylinders are 
built): 
 
F h(r) = F g(r) . F f(r) Eq. 20 
 
The Fourier transforms of the individual functions complement one another in that the 
atomic (lattice) points become a reciprocal lattice of infinitely long lines aligned to the z axis 
where the cylinders (g(r) ) become discs whose thickness is inversely proportional to that of the 
length of the cylinder.  The Fourier transforms and real lattice structures of hexagonal phases are 
rotations about 30° to one another.   
Despite the thorough predictions from the understanding discussed above, further factors 
affect the realised diffraction pattern.  First, in lyotropic systems, the diffracted beam is 
commonly scattered into a pattern of concentric circles.  Initially this appears to be at odds with 
the incident beam being of a tightly-controlled width on to an atomic surface.  However, 
lyotropic systems are poly crystalline, i.e. are made up of a large number of small crystals that 
scatter the x-rays in all possible directions at the in-phase angles.  This produces the rings 
observed.  Polycrystalline systems with a relatively smaller number of individual crystal lattice 
planes can give rise to a more grainy appearance to the rings.  Systems that have very few 
crystals present – either because they are ionic crystals or because they are mono-domain lipid 
systems – produce discrete spots rather than rings.  Exploitation of mono-domain systems in 
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lyotropic phase studies  has been used to determine the cubic phases in some systems334.  Another 
advantage of mono-domain samples is that they give diffraction patterns of spots rather than rings 
and so more reflections can be observed.  This is as a result of the concentrated intensity 
associated with spots over rings.  However, the orientation of the sample is important such that 
the diffracted beam is recorded accurately.  For example, in order to observe the diffraction 
pattern associated with an hexagonal phase, the x-rays must approach is at 30° to the axis of the 
cylinders of zero curvature.  If the diffracting beam were to approach in a manner parallel to the 
cylinders the difference in electron density ensures that a set of spots consistent with the 
hexagonal lattice is observed in the diffraction pattern and similarly if the beam was 
perpendicular to the cylinders, a row of evenly-spaced spots would be observed334.  A greater 
number of Bragg reflections is beneficial as it can reduce ambiguity in identifying phases11,334.  
Typically in non-mono-domain samples of lyotropic crystals only three or four reflections (rings) 
are obsereved under normal circumstances.  This is largely ascribed to the thermal disorder of the 
lipid systems10.   
The detection of both short- and long-range order in lipid systems is possible using this 
technique.  What is altered for studies focussing on either short- or long- range order is the 
distance between the sample and the detector.  A shorter distance between the sample and 
detector allows focus on a wider aspect of the diffraction pattern.  This will then include 
diffractions from lattice planes showing short range order, though often with signals associated 
with long-range order also visible.  A longer distance from the sample ensures that the signals 
from the outer parts of the image are lost and only those from nearer the centre are captured 
(long range order; that associated with head groups).  Short-range order is the term given to the 
interactions between individual molecules and diffraction signals associated with crystalline 
molecular behaviour on this scale chiefly refer to the arrangement of the hydrocarbon fraction of 
the system.  These are generally of shorter lattice spacings (typically 2-5 Å) than those associated 
with the long-range order and are observed in a wider field than that of the signals that indicate 
the longer-range order, i.e. the surface of the head group assembly or assemblies.  The lattice 
spacings observed in the small-angle region are typically in the range 40-240 Å.  The small angle 
region is where the characteristic patterns for lamellar, hexagonal and cubic phases are observed.  
Wide-angle diffractions are used to differentiate between the different packings in the 
hydrocarbon fraction in lamellar phases.   
 
 
(xii)  X-ray diffraction as a probing observational technique: the use of Optical focussing systems 
 
The x-ray generation, x-ray detection and understanding of Braggs‘ Law described above  
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Collimating section   Focussing section 
 
 
 
Fig. 53.  Schematic representation335 of the 
polycapillary optics used in the integrated optics 
system of the bede microsource.  The left hand 
section ensures that the x-rays emitted from the 
source at a variety of angles are collimated 
(made parallel).  The right hand, focussing, 
section is tapered to allow them to be focussed 
on a given point, the sample.   
 
 
 
 
 
 
 
 
Fig. 54.  Reflection and refraction of an incident wave 
front.  Incident waves are refracted according to the law of 
reflection and remain in material δ, where refracted 
radiation enters material ε and changes direction 
according to its refractive index.   
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have all contributed to our ability to use x-rays as a spectroscopic tool.  However in order to 
make optimum use of the electromagnetic radiation, a system to focus the waves into a beam 
and onto the sample is required.  As there is currently no lens capable of focussing x-rays (in the 
way there is for electromagnetic radiation in the visible light range), optical systems are used.   
The optical system used in the in-house ‗Bede‘ beamline (described in more detail vide infra) 
to focus the x-rays generated into a coherent beam are referred to as a polycapillary system and is 
shown schematically in Fig. 53.  This type of unit comprises thousands or millions of fused 
polycapillary fibres that are arranged so that the resulting beam falls coherently at a known point, 
optimised on the sample.  The optics system has an overall shape consistent with the toroidal 
focussing mirrors also used elsewhere (e.g. ID02 beamline at the European Synchrotron 
Radiation Facility, see below).  The combination of these two elements, into what is known as 
monolithic capillary optics, both focuses a beam on a given spot whilst avoiding significant 
energy loss, and being small and versatile may be placed close to the x-ray source.  The latter  
ensures that more of the x-rays produced are focussed onto the sample than in many other 
optical systems.   
 
 
(xiii) Reflection and refraction: Snell’s law 
 
In using a system comprising curved capillaries (Fig. 53), well defined principles of optics are 
exploited.  Fig. 54 shows the basic principles governing reflection and refraction.  On meeting the 
interface of a material with a differeing refractive index, a wavefront in a given material (e.g. ζ, 
Fig. 54) will divide into both reflected waves (which stay within material ζ at least initially), and 
refracted ones (that are in material η in this example).  The angle of reflection (ζr) is described by 
the law of reflection and is the same as the angle of incidence (ζa).  Refraction however is defined 
by the refractive index of the second material at the interface.  A vaccum is defined as having the 
smallest refractive index and is given the value of 1.  This value is calculated from the equation 
for refractive index n which is: 
 
n = c/v Eq. 21 
 
In which c is the speed of light in a vacuum and v the speed in a given material.  Thus where c 
and v are equal, n is 1.  This can also be described in terms of the angles of the wave fronts in the 
two materials.  In Fig. 55 the angles marked can be used to give the ratio of the refractive indices, 
thus: 
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Fig. 55.  The angles in reflection and refraction between two materials of differing refractive indices.  In this 
system, ζa = ζr (law of reflection), where ζa represents the angle of reflection in material δ and ζb in ε.  
 
 
 
Fig. 56.  Rotation of the normal (dark dotted line as shown in Fig. 55) about the origin, with respect to the 
normal in Fig. 55, with the new normal shown as a dashed line in red.  Here, instead of being refracted 
normally, the waves that would otherwise be refracted pass tangent to the interface between the two materials 
(δ and ε) and does not pass into the second, ε, invoking a phenomenon known as total internal reflection.   
 
 
 
 
Fig. 57.  Examples of angles under which total reflection may occur between two media of different refractive 
indices (glass/vacuum or gas).  Rays at angle B meet the interface too steeply and are not reflected.  Rays at 
angle A, are.  
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sinθa/sinθb = nb/na = va/vb Eq. 22 
 
So, the sine of ζa divided by the sine of ζb is equal to the inverse of na over nb.  This is known 
as Snell‘s law and can also be extended to the ratio of the velocities (v) of the wave fronts in the 
two materials.  The refraction effected by a material is a constant and is a measure of how much 
the direction of a ray is altered on entering the material.  Thus for two materials in contact with 
one another, the relative angles will remain the same with respect to the normal (black dotted 
line in Fig. 55).  It follows that at some point in rotating the normal about the origin (point where 
the incident beam reaches the interface in Fig. 55), there will no longer be normal refraction, but 
a beam will pass tangent to the interface between ζ and η.  Despite this change to the refraction, 
reflection happens at the same angle, due to the law of reflection, thus we are presented with a 
situation described in Fig. 56.  This is known as the threshold for total internal reflection as no 
rays pass into the second material.  The largest angle at which the incident ray falls upon the 
interface to give total internal reflection is known as the critical angle: 
 
nb/na = sinζcrit Eq. 23.   
 
This is the point at which the otherwise refracted rays emerge tangent to the interface.  Eq. 23 is 
effectively a calculation of the critical angle made by setting the angle of refraction for the second 
material, ζb to 90° (thus sinζb = 1).  Setting the refractive index of the second material to 1 
produces an interesting paradox however, as this implies that for smaller angles than the critical 
angle, the refractive index would rise above 1.  As this is impossible, instead, the rays cannot 
pass into the second material and so only reflection occurs at the interface between the two—
hence the name total internal reflection.  Note that in order for this to occur, the second material 
(η) must have a refractive index smaller than the first (ζ), otherwise for sinθb to be set to 1, no 
angle of incidence in material ζ would be possible.  The only answer would be to turn the binary 
system upside down, thus satisfying the former condition.  
 
 
(xiv) The Bede Beamline 
 
This understanding of total internal reflection is exploited in the optics system used in the 
Bede beamline.  Fig. 58 shows a photograph of the Bede beamline, and Fig. 59 is a schematic 
diagram of this smaller-scale beam line built and currently housed in the Templer-Ces laboratory 
that comprises the elements of x-ray generation, optical focussing systems and a charge-coupled 
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Fig. 58.  
Photograph of the 
fully-constructed 
Bede beamline, by 
A. Heron335 
showing the 
components, 
simplified in the 
schematic 
representation in 
Fig. 59.  
Although the 
middle-section 
may be evacuated, 
it was not in this 
study in order to 
preserve the 
integrity of the 
glass capillaries.   
 
 
 
Fig. 59.  Schematic representation of the Bede beamline, built in-house at Imperial College.  The x-rays are 
generated by the source (red) and emitted through poly-capillary optics (discussed below, Fig. 53) towards the 
sample as a beam of photons (thick black dotted line).  The sample holder is adapted to allow control of the 
sample temperature in the range -20 °C to 80 °C.  Black dashed lines deliniate the scatter of x-rays.  The 
length of the angle chamber determines whether or not small or wide angle diffraction is the focus of what is 
detected by the CCD detector (Scheme 57).  The beam stop, shown in white, prevents the x-ray beam 
(narrower black dotted line) from damaging the detector.  The parts of the system prone to over-heating are 
cooled by a water-mixture cooling system (simplified), this also forms part of the temperature control system 
in the sample chamber.   
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 detector.  This beamline is capable of both wide and small angle x-ray diffraction, allowing 
experimenters to probe a given sample‘s short- and long-range order.  The beamline was built 
onto a table approximately 1 m × 2∙5 m and operated using 3-phase and mains electricity.  It was 
coupled to a copper target X-ray generator (Bede Microsource, Durham, England).  The Nickel-
filtered Cu Kα radiation (λ = 1∙54 Å) was cut down with 300 μm pinholes to minimise parasitic 
scatter before reaching the optics system.  The beam of x-rays produced by the Bede Microsource is 
unusual in that it is formed using principles similar to those in electron microscopy that employ 
magnetic coils to control the shape, position and focus of the electron beam that is directed at the 
copper anode.  The high intensity stable spot directed at the anode is typically of <10 μm in 
diameter.  The high-inensity wavelengths produced by the copper anode (at a wavelength of 
1∙54 Å).  The Bede Microsource x-ray generator comprises efficient integrated optics and so despite 
being a relatively low-power device (≤ 80 W operating at 2 mA and 40 kV) is able to produce 
images of a quality comparable with much more powerful sources that employ rotating anodes 
(e.g. 1.2 kW running at 40 kV and 30 mA such as that at the Institute of Material Research in 
Germany) for applications where small, high-intensity beams are required.  The polycapillary 
sytem integtrated in the Bede Microsource uses a system the details of which are shown 
schematically in Fig. 57.  Here, angles of incidence larger than the critical angle (e.g. B), are not 
reflected, where angles of indicence equal to or smaller than (e.g. A) are.  This leads to 
collimation of x-rays and thus a beam emerges with a better- directed and more homogenous 
wave front.  This also provides better contrast between the beam and the surroundings, thus 
improving on systems with more parasitic scatter.  The latter manifests itself as noise in the 
spectrum and can also be improved by the use of a pinhole of defined width, that regulates the 
size of the beam used before it enters the optics system.   
X-ray diffraction images were acquired on an x-ray intensified CCD Gemstar detector 
(Photonic Science, East Sussex, UK).  The sample holder has a computer-controlled Peltier-effect- 
regulated temperature range of -20 °C to 80 °C with an accuracy of +/-0∙5 °C.  The system was 
cooled by water and heated using a heating block.  The measured size of the lipid systems 
observed in the diffraction was calibrated with silver behenate (repeat lattice spacing 58∙38 Å).   
Lipid samples for the Bede are prepared, equilibrated and stored in specially-sized thin-
walled glass capiliaries (see below) that are able to fit into a specially adapted sample holder.  
The sample holder is equipped with a cooling device (via a cooled pumped water supply) as well 
as a heating device (metallic block) so that the temperature of the sample can be controlled (using 
the Peltier effect) with some precision (+/- 0∙5 °C) in the range -20 °C to 80 °C.  The sample 
chamber was set upon adjustable bolts so that alignment of the sample or adjustment of the 
vertical positioning allows different parts of the sample to be examined.   
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Fig. 60.  ID02 Synchrotron Beamline at the ESRF (not to scale) based upon a sample-to-detector distance of 
2∙5 m.  Adapted diagram191.   
 
 
 
 
 
 
  
 
 
Fig. 61.  Toroidal optical focussing reflections that are theoretically capable of converting a divergent beam to 
a focal point.  The particular geometry of the ellipse allows this.  The crescent-shaped confocal mirrors are 
shown in blue.  Diagram from ref 191.   
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 (xv) European Synchrotron Radiation facility 
 
The principles on which larger-scale beamlines such as that at the ID02 beamline at the 
European Synchrotron Radiation Facility (Fig. 60) rely are indistinguishable from those shown in 
Fig. 59.  However, the the hardware of the beamline is quite different to the in-house beamline at 
Imperial College.  This beamline is used as it has more power available than any smaller 
beamline currently available. 
The ESRF x-ray source has an energy of 6∙03 GeV, a maximum current of 200 mA and a 
revolution frequency of 355 kHz.  The radiation is powered by a storage ring in which a varying 
magnetic field and a varying electric field are used to accelerate electrons on a ring to produce 
high energy x-rays. This energy for the ID02 beamline issues from an undulator-type insertion 
device between it and the ring.  The power source used for the ID02 beamline is controlled such 
that a photonic power at the sample of 3∙0 × 1013 photons/s/100 mA.  Undulators comprise a set 
of dipole magnets arranged periodically, which ensures that when electrons from the storage ring 
reach it, they oscillate and release energy that is both intense and has a narrow range of 
wavelengths.  A liquid-nitrogen-cooled mono-chromator (Si-111) is used to narrow the 
wavelength of the sample incident beam to an experimentally chosen point between 1∙55 and 
0∙73 Å.  At λ = 1 Å (12.4 keV) the bandwidth is of the order of ΔE/E =2∙10-4.  The mono-
chromator‘s power density cannot exceed more than around 20 W/mm2.  The maximum power 
is managed by cryogenically cooling the Si-111 double-crystal mono-chromator in such a way as 
to avoid severe broadening of the rocking curve.   A closed liquid-nitrogen loop provides 
automatic operation of the cooling system.  To reduce background radiation from the storage 
ring, the beam is vertically displaced by 30 mm.   
The next part of the beamline is an optical focussing adaptor to re-focus the beam onto the 
sample.  This uses toroidal optics (Fig. 61) that exploit the geometry of the elipse to converge a 
divergent beam onto a focal point, in this case the sample.  The toroidal optics used in the ESRF 
ID02 beamline consists of double-focussing toroidal mirror that is coated with ruthenium and 
not cooled during use.  The mirror has a fixed shape and can only be used with wavelengths 
longer than 0∙73 Å.  The maximum reflection angle in both directions is 12 mrad.  This small 
beam divergence the focusing parameters can be kept fixed for all experiments.  The mirror was 
designed to minimise the beam size at the detector position when it is moved to the end of the 
SAXS station (65 m).  
The efficiency of the toroidal optics system used in the ID02 beamline is under-pinned by 
two further improvements.  First, parasitic scatter, caused by interaction of electromagnetic 
waves/particles with surrounding gas particles, is avoided by use of a vacuum in the chamber.  
Second, the shape of part of the ellipse in the form of crescents is further expoited to reduce the 
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Fig. 62.  The lay-out of the high pressure cell constructed by Woenckhaus et al.336.  
Key to numbered parts: (1) autoclave body, (2) window holder, (3) O-ring sealing, 
(4) diamond window, (5) window plug, (6) closure nut, (7) high pressure 
connection, (8) thermostating jacket.   
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 intense scatter around the central beam.  This necessitates placing the crescent-shaped sectors 
both before and after the toroidal mirror.  The toroidal optics system is approximately an order 
of magnitude more efficient than previous attempts such as Franks‘ optics in which elastically-
bent perpendicular mirrors are used to focus the beam on to a point on the focal plane.   
After focussing, the x-ray beam then falls upon the sample.  Teflon© spacers are used for samples 
on the ID02 beamline so that pressure studies may be undertaken.   
The high pressure cell used for the pressure scan experiments was developed jointly by 
Woenckhaus et al.336 and is capable of conducting high-pressure jump studies similar to those 
used by others in this laboratory191,192.  The cell was constructed from a stainless steel Ni-Cr-Co 
alloy of high tensile strength (NIMONIC 90) and contains a high pressure connection to the 
pressurising system (1, Fig. 62).  Elevated hydrostatic pressures of between 0∙1 and 4,000 Bar 
(with an accuracy of ± 10 Bar) can be achieved by means of a manual pump acting on a reservoir 
of water192,336 however in these experiments the pressure range was no greater than 1-3,600 Bar.  
Control of the temperature of the system for temperature/pressure scans was possible with an 
accuracy of ± 0∙2 °C and was achieved via a system of circulating water from a thermostat, 
through the temperature control jacket (2) of the cell.  The temperature range was deliberately 
conservative in these experiments though the maximum temperature permitted is no more than 
65-70 °C, and is limited by the seals on the diamond windows.  The sample was contained in a 
window holder (5), being held in place by the window plug (6), sealed with O-rings (7) and 
tightened using the window closure nuts (8, Fig. 62). 
The sharply focussed beam is often strong enough to damage the CCD detector upon which 
the scattered x-rays fall.  In order to prevent damage, the angle chamber is fitted with a beamstop 
made of metallic lead that absorbs this energy, which is a rudimentary form of some more 
sophisticated beam stops337.  Image processing was undertaken in this project using software 
developed by Dr A. Heron335 of the Templer-Ces group at Imperial College (described below in 
section (xvii)).   
 
 
(xvi) Sample and capillary preparation 
 
DOPC (Lecithine, structure in Fig. 23, page 100) was obtained in lyophilised powder form 
from Avanti Polar Lipids, Inc.  DSPIP lipids was prepared as detailed in Part II (page 143) and in 
previous work86.  Before use, the measured masses of lipids for mixed lipid systems were 
prepared by dissolving the individual lipids in 7:2:0∙1 CHCl3:CH3OH:H2O.  These were then 
mixed and freeze-dried over a 48 h period to ensure that all solvent was removed before capillary 
preparation.  Samples for the Bede was prepared by hydrating the lipid mixture after the lipid 
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Fig. 63.  Screen-copy of the integration window (IMWINDOW) of the AXcess programme used for 
analysing x-ray diffraction patterns from read-outs from CCD-linked cameras on XRD beamlines.  The 
image shown is the silver behenate calibration, with the ‘butterfly’ integration function shown which is set to 
integrate the regions within the dotted lines.  The GRAPHFITTING window to the right of the screen is 
used to determine the lattice parameter (d-spacing) of the system.   
 
 
Fig. 64.  SPECTROGRAPH window from AXcess, that shows the x,y integration graph of the silver 
behenate image in Fig. 63.   
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mass was inserted into a Lindemann glass X-ray capillary tube with a diameter of 1∙5mm (Agfa 
NDT Ltd capillary).  Hydration was achieved by the addition of the requisite amount of buffer 
(50-80 wt%).  By contrast, Teflon© spacers are used for samples on the ID02 beamline so that 
pressure studies can be undertaken.  The Teflon© component is a 1 mm thick ring with discs of 
mylar adhered to either side using double-sided sticky tape.  The sample resides in between the 
mylar discs.  This format for samples does not provide as good a seal as the glass capillary and so 
samples in this format are prepared only briefly before use.  The freeze-dried lipid or lipid 
mixture is hydrated using mechanical agitation before being sealed in the spacer.   
The buffer employed in all cases for sample hydration was a 5 mM MgCl2 and 20 mM Tris-
base system adjusted to pH 7∙4 at 20 °C, that has been used for studies on previous phase 
behaviour and biological studies on inositides23. Reagents obtained from Sigma-Aldrich Ltd or 
British Drug Houses.   
After flame sealing of glass capillaries, the newly-sealed end was dipped in silicone sealant 
(Dow Corning Corp.) and the sample was allowed to equilibrate for a minimum of seven days at 
20 °C.  The sealing process was used to maintain a fixed hydration level, which was judged as 
successful if the capillaries maintained a constant mass over a period of weeks.  The error in the 
concentration c/c, has been estimated to be 0∙1-0∙2mol%.  Well-sealed samples in the glass 
capillaries remained constant for at least two years.   
 
 
(xvii) XRD Pattern Analysis 
 
Diffraction patterns were analysed with the AXcess software package developed by Dr A. 
Heron at Imperial College London335.  CCD-produced images are accessed and placed in the 
integration window (IMWINDOW, Fig. 63) processed by conversion to a two-dimensional graph 
(Fig. 64, x = intensity, y = number pixels from the central point.  The latter is converted to Å for 
demonstrating the distances between lattice planes).  The ‗blackpoint‘ and ‗whitepoint‘ scales in 
the panel the left of the diffraction pattern shown allow the experimenter to adjust the contrast of 
the image and suppress noise, or amplify weaker signals relative to the background.   
 The drop-down menu below this (with the butterfly option selected, shown) gives a range of 
options for integrating onto a two dimensional graph, according to the type of diffraction pattern 
being processed.  As well as the butterfly option (shown), a ‗line‘ selection is possible, which 
takes the integration at a strip across the image at an experimenter-defined point on the image.  
The ‗Auto find centre‘ button allows the experimentor to determine the centre of the image 
according to the rings observed.  This is then used to increase the accuracy in determining the 
lattice spacing of the system observed as it defines the zero-point in the graph window of Fig. 64 
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Fig. 65.  Stack plot processing window from AXcess software.  This option allows the processing of several 
related images that typically vary by changes in temperature, pressure or time, and produce a three 
dimensional graph showing intensity on the z axis, lattice parameter on the x axis, and with the third 
variable on the y axis.  The above is a pressure scan and this pressure is shown on the y axis.  The window to 
the right is used for the individual settings for processing multiple images and for presenting the stack plot 
produced.   
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more accurately.  The ‗DENS‘ button towards the bottom of the left-hand panel is used to initiate 
a software-driven integration of the area(s) of the diffraction pattern, which are computed to a 
two-dimensional (x,y) graph (Fig. 64). 
Graphs similar to that shown in Fig. 64 can be used to determine the phase(s) observed, the 
spacing of the highest points of the (sharper) signals are used to indicate the signals from the 
lattices causing diffraction.  The less sharp and somewhat uneven signals close to the zero point 
in the graph window in Fig. 64 represent parasitic scatter from the beam around the metallic lead 
beam stop.  The image shown is a lamellar phase that is used to calibrate the lattice spacing 
function in the software.  The table in the left hand panel has columns for the relative indices for 
the lattice planes (single digits in this case) to which are assigned a distance in pixels along the x 
axis.  On using the ‗FIT‘ button, followed by the calibration function, the lattice parameter for 
this system is set to 58∙38 Å.  The calibration allows appropriate diffraction patterns to be 
analysed to give accurate lattice parameters.  Lattice parameters calculated by using the pattern 
matching function (not shown) are displayed in the top right-hand panel.   
Two dimensional x,y images (Fig. 64) can also be used to observe changes in a system with a given 
variable (a third axis), normally temperature, pressure or time.  A set of images are taken at 
appropriate intervals and can be put together to form what is known as a stack plot (Fig. 65).  This 
option allows the processing of several related images that typically vary by changes in temperature, 
pressure or time.  Three dimensional graphs showing intensity on the z axis, lattice parameter on the x 
axis, and with the third variable on the y axis can be produced.  That shown in Fig. 65 is a pressure 
scan and this pressure is shown on the y axis.  The window to the right is used for the individual 
settings for processing multiple images and for presenting the stack plot produced.  In all experiments 
a minimum of three intensities was used to determine the relevant lattice parameter.  The estimated 
accuracy of the layer spacings is ±0∙1 Å for both beamlines used. 
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Fig. 66.  Coloured XRD intensity image 
of the hexagonal phase, 10% DSPIP in 
DOPC, 25 °C, d-spacing of 67∙4 Å . 
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Chapter 11 – The Phase Behaviour of DSPIP as a Function of 
Temperature and Composition 
 
 
(i) Introduction 
 
Examining the behaviour of phospholipids under conditions in which the temperature is 
varied has provided much evidence of the preferred assemblies of important naturally-occuring 
lipid types such as DOPC12,170,175 and DOPE12,200,338.  Concurrently, variations in temperature give 
an important insight into the response of the system(s) under investigation to changes in free 
energy.   This is one of the more basic physical properties of this type of system and can have a 
variety of effects, including conformational changes to the hydrocarbon fraction, mediation of 
the hydrogen bonding between head groups, and ionisation in both the aqueous fraction and of 
charged lipid species.  Understanding of these effects can also be fed into the behaviour observed 
of lipid-containing systems in vivo.  Additionally, recent experimental evidence suggests that the 
earliest cells had a membrane that was resistant to changes in temperature339, and so 
understanding the temperature-sensitive behaviour of naturally-occurring lipids provides a basis 
for understanding the physical properties of lipids found in more recently-evolved, eukaryotic 
cells.   
Insight into the behaviour of an uncharacterised lipid can be acquired when it is mixed with 
one that has already been characterised.  Deviations from the recorded patterns of behaviour of 
the characterised lipid expose the influence of the uncharacterised lipid.  This approach was 
adopted in this study in order to examine the behaviour of a a PI-4-P, a type of inositide lipid 
that not only forms a larger proportion of the known inositide lipids248, but is also a protagonist 
in a number of biological processes, though no signalling role has yet been found (See Chapter 4, 
page 127).  X-ray diffraction was used as the observational method of choice, employed in order 
to identify the structure of the phase as well as the temperature at which phase transitions occur.  
The phase behaviour of phosphatidylinositol-4-phosphates has not previously been reported. 
 
(ii) Summary of results 
 
The principal finding of experiments on samples comprising DSPIP (the saturated PI-4-P 
studied, and with ammonium counter-ions, lipid 1) was that over a range of concentrations (2, 
10, and 50%, in DOPC, and 100% DSPIP) and temperatures (-20 °C to 80 °C) the inverse 
hexagonal phase (HII) is the dominant lipid mesophases, e.g. Fig. 66.  There is also evidence for 
the presence of lamellar (L) phases under certain conditions.  This understanding was drawn  
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Fig. 67.  Small-angle (left) and wide-angle (right) diffraction patterns of hydrated 100% DSPIP at 25 °C.  
The ring observed in the small-angle image has a lattice parameter of ~68 Å.   
 
 
 
 
 
 
 
 
Fig. 68.  Coloured small-and-wide-angle XRD 
intensity image of 2% DSPIP in DOPC at -12 °C, d-
spacing of 57∙1 Å.  
 
 
 
Fig. 69.  Small-angle diffraction pattern of 2% 
DSPIP in DOPC at 5 °C, d-spacing of 65∙5 Å. 
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from experiments on given concentrations of hydrated (~66 wt%) samples of DSPIP in DOPC.   
 
 
(iii) 100% DSPIP 
 
One part of the exploration to deduce the unknown phase behaviour of a lipid in this study, 
alongside lipid mixtures, was to examine the lipid in an hydrated system in isolation of other 
lipids.  Several attempts to deduce the phase(s) of an hydrated system of 100% DSPIP were 
unable to produce clearly identifiable phase from diffraction patterns, e.g. Fig. 67.  The relatively 
poor diffraction by this sample suggests either that any periodicity of the system is varied.  
Dispersed micellar systems are well-known to produce unclear diffraction images, due to the low 
periodicity of the system.  For example, micellar systems may consist of a variety of spheroid 
assemblies within which the periodicity is not consistent, if the micelles are not packed into 
lattice (e.g. Fd3m phase).  This leads to Bragg reflections with a variety of values of d , giving rise 
to (normally one) diffuse ring in the two-dimensional diffraction pattern.  With this result in 
mind, composition studies were used in order to build an understanding of the behaviour of this 
lipid.   
 
 
(iv) 2% DSPIP in DOPC 
 
A composition of 2% DSPIP in DOPC was examined to provide an understanding of the 
behaviour of systems containing DSPIP at lower concentrations.  Homogenous mixtures with 
these proportions limits any interactions between DSPIP molecules as they will be relatively 
widely spaced.  Additionally, the behaviour of this 2% system in particular may have close 
comparisons with the behaviour of biological systems as a proportion of membrane lipids 
comprising 2% of PI-4-Ps is not unusual in mammalian cells.  However, there are several 
literature reports that present evidence for the pH-dependant formation of inositide-rich domains 
in mixed lipid systems231,261,263, although there are some cases where it appears not to apply257.  
Specifically, Redfern and Gericke report that when inositides with one phosphate mono-ester 
(such as DSPIP) are mixed with phosphatidylcholine and exposed to a pH in the range 7-9∙5, 
there is evidence for the formation of inositide-enriched micro-domains261.  A decrease in the pH 
to ~4∙0 gives rise to the disappearance of such domains in these systems.  They also report that of 
the inositides with one phosphate mono-ester tested (PI-3-P, -4-P, -5-P), micro-domains comprising 
PI-4-P were the most stable.  However, the systems tested comprised 15-50% inositide with 
DOPC261 and thus any differences due to concentration effects between that system and the one  
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Fig. 70.  Stack plot of scan of 2% DSPIP, 
temperature increasing from -20 °C to 80 °C 
(10 °C steps).  Evidence for crystal lamellar 
-20 °C  to 0 °C.  Inverse hexagonal phase clarifies 
on increasing temperature above 5 °C.  A 
reflection not consistent with the other phases is 
observed at 0 °C (magnification inserted, 
marked).   
 
Fig. 71.  Analysis of SAX region of 2mol% 
DSPIP in DOPC at -20 °C, expanded from trace 
in Fig. 70, showing evidence for two lamellar 
phases, L′ and L′′.  The L′′ is the crystal lamellar 
phase.
 
 
 
 
 
Fig. 72.  Stack plot of 2% DSPIP temperature 
decreasing from 70 °C to -20 °C (10 °C steps).  
Evidence for crystal lamellar phase only at -20 °C.  
Hexagonal phase above -10 °C, with evidence for a 
short-live phase (magnified insert, marked).  The 
absence of wide-angle reflections indicate that this 
is a fluid phase.   
 
 
 
 
Graph 3.  The d-spacing of the phases in a 
temperature scan of  2% DSPIP in DOPC, 
measured from SAX diffraction patterns.  The 
hexagonal phase appears at 0 °C.   
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in this study are not clear.  Moreover, the buffers used in this study (tris base) and in the 
published work (HEPES) differ, though they are designed for use in the same pH range340.  
Additionally, it is well established that ionisation and thus pH is temperature dependant—the 
concentration of protons in pure water increases by 1∙5 orders of magnitude on heating to 100 °C 
than that at 25 °C.  Thus, at lower temperatures effects relating to higher pH are expected, where 
those relating to lower pH are expected at higher temperature.  Thus, in this system, where only 
one phase is observed it may be assumed that the sample is closer to homogeneity than if two or 
more phases are observed.  
The system of 2% DSPIP in DOPC at and below -12 °C gives clear evidence for a crystal 
lamellar phase (Fig. 68, lattice parameter of 56∙0 Å, four Bragg signals in the wide-angle region at 
4∙26 Å, 3∙89 Å, 3∙66 Å, and 3∙44 Å).  Koynova and Caffrey145 have reviewed a range of reports 
on the behaviour of phosphatidylcholines, suggesting that the (naturally occuring) isomer of 
DOPC used in this study with the cis-olefin bonds at the 9-position of the carbon chain has a 
transition from the gel lamellar to the fluid lamellar phase at 18∙3 °C +/-3∙6 °C for an hydrated 
system, with around 30 reports contributing to this averaged figure.  Thus at -12 °C, a pure 
(hydrated) DOPC system is expected to assemble into a fluid lamellar phase.  This difference 
between crystal and fluid character might be explained by the presence of saturated fatty acid 
residues in the mixed hydrocarbon fraction, albeit at a low concentration.  The melting 
temperature (transition to the fluid lamellar phase) in distearoyl phosphatidylcholine (DSPC) is 
at 54∙5 °C, with a crystal lamellar phase stable up to 26∙3 °C, thus a proportion of this in a 
system of DOPC would heighten the energy barrier to the fluid lamellar phases, assuming an 
homogenous mixture of the two lipids with differing fatty acid residues.   
As is normal in lyotropic systems, increasing the temperature leads to a move away from 
more crystalline conformations and towards fluid ones.  This is occurs because the higher energy 
associated with an increase in temperature gives rise to an increase in molecular disorder (an 
increase in entropy).  A temperature increase of <20 °C produced the unexpected result that by 
5 °C there was clear evidence for an hexagonal phase (Fig. 69, d-spacing of 65∙5 Å).  This 
prompted a wide-ranging temperature scan of the system in order to clearly establish the phases 
that this system may form (Fig. 70, temperature increasing scan; Fig. 72, decreasing temperature 
scan).   
After sustaining a slight increase (1∙7 Å) during the increase in temperature that deforms the 
crystal lamellar phase (-20 °C and -8 °C), the d-spacing of the inverse hexagonal in the small 
angle region was observed to decrease upon increasing the temperature from 0 °C (~14 Å/80 °C, 
a gradient of -0∙175 Å/°C, Graph 3), suggesting an inverse hexagonal phase, rather than a normal 
one (Graph 3).  There is apparently a short-lived unidentified fluid phase that decreases in 
d-spacing by 4∙5 Å between -20 °C and its disappearance at around 0 °C in the heating scan  
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Fig. 73.  Magnified wide-angle image of 2% DSPIP in DOPC at -20 °C showing the small-angle region.  
The inset two-dimensional  x,y intensity plot (Fig. 71) shows the reflections of the crystal lamellar phase, 
and those indicating the low-intensity fluid phase that appears as a shoulder.  The d-spacings of the fluid and 
crystal lamellar phases are 58∙5 and 56∙2 Å, respectively. 
 
 
Fig. 74.  Schematic representation of hexagonally-shaped (left) and circular (middle) inverse hexagonal 
phase87.  DOPC head groups shown in blue, DSPIP shown in red.  In order to conform to the known 
geometry of the hexagonal phase (Fig. 21, page 96), the head groups in the left hand diagram are drawn in to 
the aqueous core, making it circular, shown on the right.  The darker fatty acid residues in the right-hand 
diagram are those that are more stretched in order to fit into this aggregation. 
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(10 °C in the cooling scan).  This phase appears as a shoulder on the left side of the crystal 
lamellar first order signal at -20 °C and is then a right shoulder on the first order crystal lamellar 
phase at 0 °C (Fig. 70).  The formation of the hexagonal phase begins at 0°C but is not observed 
without the lamellar phase below 5 °C, at which temperature the d-spacing is 65∙5 Å.  Above 
5 °C there appears only to be an hexagonal phase, with no evidence of any other.  In the range 5-
80 °C it appears that increasing the temperature of the system to reach this range provides 
conditions energetically favourable for re-assembly exclusively into an hexagonal phase.  
The implication from these results (Graph 3) is that there may be a direct crystal lamellar-to-
inverse hexagonal transition in the 2% sample, between -1 and 1 °C.  This is demonstrated by a 
sharp change in the patterns of Bragg reflections observed at around 0 °C (Fig. 72).  A transition 
such as this seems unlikely as in practice to achieve a crystal lamellar-to-inverse hexagonal 
transition directly, i.e. without an intermediate phase, the system would have to undertake both 
complete melting of the crystalline hydrocarbon fraction and for significant geometric changes to 
the neutral surface, simultaneously.  Although fluid lamellar-to-inverse hexagonal transitions are 
relatively commonplace (and have been comprehensively reviewed11,193,220,341), and even gel 
lamellar-to-inverse hexagonal transitions are known148,342, there are currently no reports of direct 
crystal lamellar-to-inverse hexagonal phase transitions.  This ambiguity is potentially resolved if 
the evidence for a second fluid phase shown in Fig. 72 is taken to be  a fluid lamellar phase, 
interposed thermodynamically between the crystal lamellar and inverse hexagonal (a left 
shoulder in the 0 °C frame, Fig. 71, also visible in Fig. 73).  As no sharp/discrete wide-angle 
signals are observed on initial formation of this phase (cooling scan, Fig. 72), it is consistent with 
being a second fluid phase.  The heating scan (Fig. 70) retains wide-angle reflections attributed to 
the crystal lamellar phase at this point and so the nature of the packing of the hydrocarbon region 
of the (lower intensity) phase is unclear in that image.  As the equilibration times were the same 
for each data point in both scans (20 min), the possibility that the formation of this phase is time-
dependant on a longer scale to the others may be considered less important or likely.  However, 
this fluid phase did not appear discretely even after several (>5) temperature cycles in succession 
(cycles of -5 to +5 °C range).  With this in mind, use of applied hydrostatic pressure as another 
method of probing structural changes in this system was used (see Chapter 12, page 325).   
The crystal lamellar phase was observed in this system only at or below -12 °C in all 
experiments.  At and above 5 °C only the inverse hexagonal phase was clearly observed in all 
experiments and thus the intermediate temperature range is a co-existence of crystal lamellar, 
fluid lamellar, and inverse hexagonal phases.  The difference between the appearance of the 
small-angle diffraction patterns of the lamellar phases at -20 °C is shown in Fig. 71 and Fig. 73.   
Given the relative dominance of the hexagonal phase over this 100 °C range despite the 
notably small DSPIP fraction, some attention was given to the dimensions of which the lattice 
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Fig. 75.  Coloured wide-angle XRD intensity image of 10% DSPIP in DOPC at -12 °C, with two-
dimensional intensity trace and magnification (insert) showing the two closely-places reflections.  Numbers 
in square brackets represent the reflections of the gel lamellar phase identified.  These wide-angle reflections 
are at 4∙24 and 4∙1 Å, respectively.  The non-periodic areas of high intensity are caused by inconsistencies in 
the aqueous fraction, viz. crystallising. 
 
 
 
 
 
 
Fig. 76.  Diagram of the 
packing of hexagonal lattice 
cylinders (left), with one ‘slice’ 
removed (right).  
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was formed.  This system of 2% DSPIP translates as 1 DSPIP molecule to 49 DOPC molecules.   
How to reconcile the measured dimensions for the 2% system (d-spacing of ~64 Å at 17°C) 
this ratio of lipid population and the measured dimensions of DOPC183 (length of 17∙4 Å and 
diameter at neutral surface of 9∙5 Å, calculated for 17 °C), is not immediately clear.  It is not 
possible to fit 1 DSPIP molecule and 49 DOPC molecules in a line onto each of the six edges of 
an hexagonal lattice of d-spacing 64∙0Å.  Additionally, the aqueous fraction takes the form of a 
circular-based cylinder with the head group surface curved around it (Fig. 74).  The a-spacing (the 
length of one edge of the hexagonal lattice is 73∙9Å.  This strongly suggests that there is not a 
DSPIP molecule at each ‗corner‘ of the hexagon, as this would require a lipid ratio of one 
DSPIP to two DOPC for a lattice parameter of approximately this size (Fig. 74, left).  The 
d-spacing indicates that there cannot be more than 12-13 molecules of DOPC on this lattice.  
This indicates that only 1 in 4 ‗slices‘ of the lattice (Fig. 76) contains a DSPIP molecule, thus the 
majority will contain only DOPC.  Clearly DSPIP is able to deform the system effectively 
enough to give the phase behaviour demonstrated in this study, however it does this only in the 
x,y plane, leading to the conclusion that DSPIP and DOPC are subject to opposing stresses in 
this system.  DSPIP must have particular stored curvature elastic stress in the x,z plane, as the 
(net) curvature symmetry only exists in two dimensions—inverse hexagonal rather than one-
dimensional lamellar or three dimensional cubic.  The curvature observed is in sharp contrast to 
hydrated DOPC alone, which forms the one dimensional lamellar phase preferentially12,144,343.  
The fatty acid residues of the DOPC molecules are calculated to have stretched by 34% in order 
to fit into the hexagonal corners not occupied by DSPIP molecules87,183,344.  This level of 
curvature places a different emphasis on the reported higher local concentrations of PI-4-P in 
biological systems14,17,18 suggesting that such areas would be either under exceptionally high 
curvature elastic stress or be very sharply curved.   
 
 
 (v) 10% DSPIP in DOPC 
 
By contrast to the 2% DSPIP system at -12 °C, 10% DSPIP gives compelling evidence for a 
gel lamellar phase (Fig. 75), with a lattice parameter of 73∙5 Å and Bragg signals in the wide-
angle region at 4∙24 Å and 4∙10 Å.  Two signals in the wide-angle region with this lattice spacing 
suggests a system that has an ortho-rhombic packing of fatty acid residue chains150,175,345, however 
the wide-angle signals are normally at 4∙2 Å and 3∙8 Å for this type of polymethylene chain 
packing.  However, triclinic packing (one strong peak at 4∙6 Å with other, weaker, ones) and 
hexagonal packing (one signal at 4∙14-4∙2 Å) do not appear to be more serious contenders for 
known polymethylene chain packing.  The remaining possibility is that there are two hexagonal 
lattices of dissimilar d-spacing, giving rise to two wide-angle reflections.  This hints at a de-  
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Fig. 77.  Stack plot of an increasing temperature scan, starting at -15 °C, of 
10% DSPIP in DOPC.  On increasing temperature, the system moves towards 
an hexagonal phase, reaching this by 0 °C.  The hexagonal phase is first 
visible at -9 °C in the first order signal region.  Second and third order signals 
are not visible until at least -3 °C.   
 
 
 
 
 
Graph 4.  The d-spacing of 10% DSPIP in DOPC, measured 
from SAX diffraction patterns. 
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mixing similar to that observed in systems with a higher proportion of inositide261, however no 
further work was done to give conclusive proof of this in this study.   
The appearance of a less ordered phase than that observed at 2% DSPIP at this temperature 
(-12 °C) is somewhat counter-intuitive.  The hydrocarbon fraction has a higher proportion of 
saturated fatty acid residues than the 2%, leading one to expect behaviour more skewed to that of 
a saturated C18 hydrocarbon fraction than the 2%.  However, this system is clearly more fluid at 
the same temperature than the 2% system (Fig. 68), strongly suggesting the change in head group 
proportion between 2 and 10% DSPIP is more important than the general character of the 
constituents of the hydrocarbon fraction for defining the phase behaviour of the hydrocarbon 
fraction.    
The lamellar-to-hexagonal (Lβ-HII) transition that for which there is conclusive evidence in 
this system occurs between -5 and 0 °C, a similar temperature to the temperature range over 
which the 2% DSPIP system shows co-existence of crystal and fluid lamellars, as well as inverse 
hexagonal.  First indications of the formation of the hexagonal phase were visible from around 
-9 °C in this system (Fig. 77).  A notable difference between this system and the 2% is that there is 
no clear evidence for the fluid lamellar phase here, or an interposed phase between the lamellar 
and hexagonal assemblies.  This strongly suggests a direct gel lamellar to hexagonal phase 
transition, the like of which has been observed elsewhere in phospholipid biophysics, such as in 
mixed PC/fatty acid148 and dipalmityl-PE at low pH346.   
On warming to above 0 °C, the inverse hexagonal phase observed to become dominant in 
this system (Graph 4).  This is again evidenced by the decrease in lattice parameter with 
increasing temperature once the hexagonal phase is formed.  The gradient of the decrease of 
lattice parameter is sharper than that observed in the 2% sample at -0∙2 Å/°C, suggesting that 
this effect is attributable to the increased fraction of DSPIP present.   
In order to clarify the physical parameters of this system, and thus afford information about 
the structure of the assembly, attention was turned to the dimensions of the assembled hexagonal 
phase observed in this system.  Calculations are once again based upon the assumption that the 
10% DSPIP system is homogenous in terms of lipid distribution.  The hexagonal phase produced 
in this system differs in lattice parameter from the 2% DSPIP system by only around 5%, both 
are between ~70 and ~55 Å between 0 and 80 °C with the 10% being slightly larger.  The 
calculations made above for the 2% system suggest that hexagonal lattices of this size 
contain 11-12 lipid molecules per slice of the cylinder (Fig. 76, Fig. 74).  Thus, each slice 
contains one DSPIP molecule, with one slice in approximately every five containing two 
DSPIP molecules.   
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Fig. 78.  Coloured wide-angle XRD 
intensity image of 50% DSPIP in 
DOPC at -12 °C. 
 
 
Graph 5.  Graph showing the lattice parameters of the 
fluid lamellar and hexagonal phases of 50% DSPIP in 
DOPC over the temperature range -12 to 60 °C.    
 
 
 
 
 
 
Fig. 79.  Small-angle diffraction pattern of 50% DSPIP in DOPC at -12 °C.  
The lattice parameters of the phases observed are 51∙2 Å (hexagonal) and 
72∙3 Å (lamellar).  Insert is the two-dimensional intensity plot of the same 
data.   
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(vi) 50% DSPIP in DOPC 
 
This composition, although unlikely to be a reliable guide for biological systems under 
normal circumstances, was designed to give an insight into the behaviour of this lipid when head 
groups are sufficiently numerous to ensure that head group-to-head group interaction is 
commonplace, but not so high a DSPIP concentration to obviate the acquisition of clear and 
assignable phase behaviour as appeared to be the case in experiments on the 100% sample.   
Close examination of the small-angle region of the wide-angle diffraction pattern for 50% 
DSPIP at -12 °C (Fig. 78) reveals that not only is a less ordered lamellar phase present (as 
evidenced by the absence of reflections in the wide-angle region, Fig. 78) than is observed in the 2 
and 10% systems, but also a curved phase (small-angle region).  A small-angle focussed pattern 
(Fig. 79) provides evidence that both (fluid) lamellar and hexagonal phases were present with 
lattice parameters 72∙3 and 51∙2 Å, respectively.  The wide angle pattern of 50% DSPIP at the 
temperature provides an equally clearly assignable pattern revealing fluid short-range order (Fig. 
78) with no clearly defined Bragg signals in the wide angle region, suggesting no lattice planes 
and thus no assembled order in the hydrocarbon fraction.   
The increased disorder of this system at -12°C when compared to the 2% (crystal lamellar, 
Fig. 68) and 10% (gel lamellar, Fig. 75) compositions is a further step away from what may be 
expected of the composition of the hydrocarbon fraction alone.  The system not only has a more 
fluid character than those with a higher proportion of the unsaturated fatty acid residues, but also 
signals consistent with at least one curved phase are visible in the long-range order (small angle) 
region.  The 50% system is clearly more fluid than the 10% at the lower temperatures studied, but 
additionally the appearance of the hexagonal system occurs at a lower temperature in the 50% 
system (no higher than -12 °C) than the other two (around 0 °C for both 2 and 10% DSPIP 
samples) but although the hexagonal phase appears earlier, it increases in lattice parameter over 
a wide temperature range, reaching its highest lattice parameter at 17 °C with a spacing of 66∙3 Å 
(Fig. 80). 
On increasing the temperature from -12 °C (Graph 5), the system assembles into an inverse 
hexagonal phase by around 0 °C.  During this transition, the lattice parameter is observed to 
increase significantly, by 7∙5 Å between -12 and -2 °C (Graph 5 and Fig. 80).  The lattice 
parameter of the lamellar phase recorded in this range also increases on heating, and disappears 
entirely at around 0 °C.  On heating above 0 °C, the hexagonal phase signals clarify further and 
the assembly increases in lattice parameter by 8∙6 Å, a gradient of 0∙51 Å/°C.  This is a similar 
gradient to the increase in lattice parameter up to the point that the fluid lamellar phase is no 
longer visible (-12 to 0 °C, 0∙61 Å/°C) suggesting that although the fluid lamellar phase is not 
clearly visible, it may still be present under the hexagonal signals between 0-17 °C.  It may be  
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Fig. 80.  Stack plot of d-spacing of fluid and inverse hexagonal phases as a function of temperature.  Black 
dotted lines represent the initial d-spacing (at-12°C), demonstrating that the d-spacing of both the lamellar 
and hexagonal phases increases over the course of this scan (rates of 0∙45 Å/°C and 0∙74 Å/°C, respectively).   
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that the lamellar phase does in fact exist over a wider temperature range, co-existing with the 
inverse hexagonal phase but in which the reflections made by the lamellar phase are obscured by 
those of the hexagonal phase.  This would go some way to explain why the hexagonal phase 
increases in size up to a certain lattice parameter and a particular temperature followed by a 
reduction in d-spacing, without evidence of other phases being formed.   
Once the system has reached its largest lattice parameter for the hexagonal phase, the 
d-spacing decreases to a 54∙9 Å at 60 °C, a point around 10% smaller than that observed in the 
10% DSPIP system (itself around 5% larger than that of the 2% DSPIP system).  The 10% 
DSPIP system required heating to 84 °C to reach 54∙4 Å (Graph 4).  The gradient of the decrease 
in lattice parameter from the point of the largest lattice parameter (66∙3 ° at 17°C) is sharper than 
for either the 2 or 10% systems however, at -0∙263 Å.   
On reaching 50% DSPIP, clearly half the lipid molecules present will be DSPIP molecules, 
and thus the hydrocarbon fraction will be a 1:1 mixture of stearoyl and oleoyl residues.  As the 
lattice parameter of the hexagonal phase is approximately 10% smaller than that of the 2% and 
thus contains 11-12 lipid molecules per ‗slice‘ (Fig. 76) rather than 12-13.  The effect of such a 
large increase in DSPIP fraction is therefore either improportional to lattice parameter or the 
relationship is non-linear, suggesting that at least two effects are involved.  One conclusion for 
this behaviour is that there are opposing factors that move against one another.  On the one 
hand, increasing the DSPIP fraction reduces the fluidity of the hydrocarbon fraction, as stearoyl 
residues are less fluid than oleoyl ones.  Concomitantly, additional inositol head groups means 
greater (anionic) charge, and thus potential for electrostatic and steric repulsion.  By contrast, the 
additional scope for hydrogen bonding commensurate with an increase in the concentration of 
the inositol head group is also a powerful attractive force.  
 
 
(vii) Conclusions 
 
General conclusions, phase diagrams 
A range of compositions of DSPIP in DOPC, as well as a system containing only hydrated 
DSPIP have provided evidence for several mesophases, namely crystal, gel and fluid lamellar 
and inverse hexagonal phase (Fig. 81).  On starting an experiment on a given day the d-spacing of 
the samples used at an ambient temperature would be consistent across days, including after 
wide-ranging temperature scans and thus the thermal history of the samples appears to be of low 
importance in this examination.  Once hydrated (and when kept so) samples showed no signs of 
ageing within the timescale tested as lattice parameters at given temperatures were consistent as 
long as two years after sample preparation, with consistent phase behaviour throughout.   
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Fig. 81.  Bar chart showing the relationship between temperature and composition DSPIP in DOPC, at 
66 wt% hydration.  Colour coding: light blue = fluid lamellar; red = inverse hexagonal; yellow = inverse 
hexagonal, fluid lamellar and crystal lamellar; orange = gel lamellar and inverse hexagonal, green = gel 
lamellar, turquoise blue = crystal lamellar; claret = fluid lamellar and inverse hexagonal, grey = suspected 
micellar.  Uncoloured areas indicate no data acquired.  0% DSPIP/DOPC data from ref 343. 
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 Head group effects 
Arguably, the evidence present above suggests that the drive towards formation of the 
inverse hexagonal phase is overwhelmingly head-group-based.  The expectation of the behaviour 
of the hydrocarbon fraction in isolation is remarkably contrary to the observed behaviour of the 
inositide-containing systems; unsaturated hydrocarbon fractions are less ordered than saturated 
ones and thus have a greater propensity for (fluid) curved phases, though more saturated systems 
in this study show a propensity for the inverse hexagonal phase from a progressively lower 
temperature with increasing DSPIP fraction.  This strongly suggests that the head group attached 
to the saturated fatty acid residues has an effect which overcomes those of the hydrocarbon 
fraction.  This is at its clearest in the 50% DSPIP sample.  A pure sample of DOPC has a simple 
T/p phase diagram (Fig. 81, Fig. 83) a chain melting temperature of -18 °C +/-3∙6 °C, where 
DSPC is crystal lamellar up to 26 °C and melts at not less than 53 °C145.  A 1:1 mixture of these 
would give a hydrocarbon fraction chemically and physically indistinguishable from the 50% 
DSPIP sample examined here, such a system would be expected to have a chain melting 
temperature (gel lamellar-to-fluid lamellar transition) decidedly below 26 °C, were it 
homogenous.  Data on PCs with a 1:1 mixture of the oleoyl and stearoyl fatty acid residues 
within the same lipid molecules (which are unavoidably homogenous, they are composed of one 
lipid type) suggest a chain melting temperature of 6∙9-9∙4 °C depending upon the sn-positioning 
of the fatty acid residues347.  The 50% DSPIP system shows a mixture of fluid lamellar and 
inverse hexagonal at least as low as -20 °C.  Studies of 1:1 DSPC and DOPC systems suggest 
that these two lipids do not mix homogenously, rather that they fall into two domains, one of 
which is DSPC-rich and the other of which is DOPC-rich348,349.  This leads to two sharp chain 
melting transitions at -12 °C and 53 °C, for the DOPC-rich and DSPC-rich domains 
respectively348, compared to ~-18 and 54∙4 °C for DOPC and DSPC chain melting temperatures, 
respectively145 and so at room temperature in the 1:1 DSPC and DOPC system a mixture of fluid 
lamellar and gel lamellar phases is observed349.  This suggests that the phase de-mixing observed 
in other inositide/phosphatidylcholine systems cannot be ruled out in those studied here231.   
At room temperature, the 50% DSPIP system is singularly an inverse hexagonal phase.  The 
clear difference between these two systems is the replacement of half of the PC head groups with 
the Ins-4-O-PO3
- head group, albeit localised to the saturated fatty acid residues only.  This 
suggests that this head group is responsible for a profound change in the behaviour of the system, 
the effects of which can be divided into two types, viz. hydration and hydrogen bonding, and 
electrostatic and charge interactions.   
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Aqueous fraction 
Despite such a profound departure from a 100% PC system, the temperature at which the 
hexagonal phase is fully formed across the range of DOPC/DSPIP compositions decreases only 
slightly on increasing DSPIP fraction (0∙21 °C/%DSPIP, Fig. 81).  This suggests that this 
transition may be partly dependant on a factor independent of the lipid composition of the 
system.  One possibility is the effect of temperature on the aqueous fraction.  Evidence from the 
appearance of the samples by eye at low temperatures suggest that the aqueous fraction freezes 
between 0 and -5 °C.  However, hydration arguments would state that on thawing of the aqueous 
fraction, greater hydration is available to the head group surface and consequently increased 
concentration gradient for association of water to the head group surface179,350.   This implies an 
effective increase in head group size, however the formation of the inverse hexagonal phase at 
higher temperatures undermines this.  Thus, either the cations present in the aqueous fraction 
(whose available concentration is lowered by freezing) are able to replace water and thus lower 
the size of the hydrosphere.  The size of the head groups increases on cooling as the ions are 
withdrawn.  Evidence of freezing of the aqueous fraction under these circumstances comes from 
the non-periodic areas of high intensity in the diffraction patterns taken at lower temperatures 
(Fig. 68, Fig. 73, Fig. 75).   
 
Electro-statics and charge effects 
The geometric formation of the curvature of the head group surface towards the aqueous 
fraction in the hexagonal lattice necessarily involves either the lateral distance between head 
groups to narrow, or for an increase in the lateral pressure in the hydrocarbon fraction to give 
rise to an increase in hydrocarbon fraction volume, or a mixture of both effects.  Whichever 
reason truly applies, the curvature produced appears in DSPIP-containing systems in spite of 
potentially unfavourable charge-repulsion effects of the negative charges of the phosphates on the 
inositide head groups, presumably via charge screening or lower than expected hydration of the 
head groups. 
  Although the aspect of charge and its effects in a system such as this may appear relatively 
trivial at lower concentrations of DSPIP in which only one in fifty lipid molecules is DSPIP, the 
dimensions of the assembly ensures the packing of one DSPIP molecule in every four ‗slices‘ of 
the cylinder (Fig. 76), the formation of an hexagonal phase with a smaller distance between 
lattice parameters with a higher concentration of DSPIP is counter-intuitive.   
Where the concentration of DSPIP is quite significant, at 10%, it would appear that the 
mono-layers can start to take on more water per lipid to give a gel lamellar system (rather than the 
crystal lamellar one at 2%).  It may also be that the negative charge possessed by the inositide 
head groups ensures they repel one another either electrostatically or sterically, similar to effects  
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Composition (% DSPIP) Range (°C) Gradient (Å/°C) 
2 0-80 -0∙175 
10 0-80 -0∙213 
50 17-60 -0∙263 
 
Table 4.  Table showing the change in gradient of lattice parameter of 
the inverse hexagonal phase in DSPIP/DOPC systems.   
 
 
Graph 6.  The change in d-spacing of the inverse hexagonal phase in 
DSPIP/DOPC systems.  Change in gradient of d-spacing as a function 
of temperature.   
 
 
 
 
Common Phospholipids - Relative Charge as a Function of pH 
 
Fig. 82.  Graph showing ionisation/protonation of common phospholipids.  Diagram courtesy of 
www.avantilipids.com.  
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observed elsewhere with inositide lipids208.  Either way, increased hydration is known to increase 
the effective head group area of the lipid molecules, which would allow the stress resulting from 
frustrated steric repulsion forces in the hydrocarbon fraction, to be partly relieved183.  An increase 
in DSPIP fraction from 2% to 10mol% DSPIP (Graph 4) alters the d-spacings of the inverse 
hexagonal phase by around +3 Å throughout the temperature range of -20 °C to 85 °C.  An 
increase in the ratio to give 1:1 DSPIP to DOPC shows d-spacing of the inverse hexagonal phase 
of around 10% smaller than 2% DSPIP system, suggesting that the increase in DSPIP fraction is 
not proportional to changes in the d-spacing.  However, the relationship between rate of change 
of d-spacing as a function of temperature and composition demonstrates that an increased 
proportion of DSPIP ensures that the d-spacings fall more quickly on increasing temperature in a 
non-linear fashion (Table 4, Graph 6).  Increases in temperature above the fluid-lamellar-inverse 
hexagonal phase transition invokes no increase in lattice parameter, despite the expectation of a 
charge-based repelling effect181.  This observation may be ascribed to incomplete dissociation of 
the counter ion of the DSPIP or to the presence of magnesium ions in the buffer solution, which 
are known to have a screening effect on the charges of anionic lipids, also mediating the shape of 
the head group131,223,265.  Phospholipids exposed to water alone will hydrate, with charged lipid 
systems taking on much larger amounts of water than uncharged ones181.  The addition of cations 
to the system ensures that the anionic charge possessed by lipids such as inositides and PS is 
masked, the cations effectively partially replace the water.  Thus hydration is replaced by electro-
static interactions179.  This mediates the effective size of the head group of a charged lipid, as the 
hydrosphere falls in size with cations present.      
The effect of charge screening by the magnesium ions present in these systems may also be 
inferred at lower temperatures, viz. a muting of the full effect of the charged functionality in the 
lamellar phases—which appears to be the case when compared to charged systems without such 
divalent cations208.  The efficacy of the dissolved ions in this anionic charge screening is reduced 
when the aqueous fraction is fully or partially frozen, a process that also reduces the effective 
hydration of the head group region180,205,217.  However, when the anionic charges are screened, the 
head group-to-head group repulsion forces will be reduced.   
At higher concentrations of DSPIP (e.g. 10%), the electrostatic attraction of the lipid fraction 
to water is expected to be higher, based on studies of other charged lipids180,181,350.  Thus one 
might expect the 10% DSPIP to take on more water molecules and thus form a larger 
hydrosphere, giving rise to the steric repulsion associated with a large structure such as that.  
This would qualitatively explain the apparent increase in hydration of the head group surface 
consistent with the gel lamellar phase observed.  It is expected that at 50% DSPIP, the proximity 
of the DSPIP lipid head groups will be such that as well as water and DOPC, they will interact 
with each other.  Presumably the fluid lamellar phase that occurs when this system is at cooler  
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temperatures is not observed in the 10% system as the head group surface does not hydrate 
sufficiently to allow this to occur.  Notably, in other systems in which the gel lamellar-to-inverse 
hexagonal phase is observed, there is a high salt concentration in the aqueous fraction346, 
implying limited hydration of the head group surface and thus preventing sufficient hydration for 
formation of the fluid phase, therefore making the (structural factor of the) chain melting to be 
the driving force for the transition.  Although this type of transition has also been observed in 
mixed lipid systems that include anionically charged lipid molecules, the pH of these systems 
was not comparable with the current ones as it was set to 4∙0 and thus the system was relatively 
well protonated (Fig. 82).  The pH of the systems in this study was set at 7∙4 at 25 °C in order to 
approximate to physiological pH, and thus the negative charges of the phosphates were not 
masked in this way.  The pH of the buffer used is temperature-dependant, with lower 
temperatures giving higher pHs340.    
Based upon the evidence collected in this study and discussed above, it is clear that under 
these conditions, DSPIP and possibly other PI-4-Ps show a definite preference for behaviour 
consistent with type II lipid shape.  This provides an interesting comparison with a previous 
study of PI that gathered much evidence for type II behaviour in assemblies of that lipid, 
including a packing of type II micelles onto a cubic lattice that developed from lamellar and 
inverse hexagonal phases with sufficient equilibration time185.  This behaviour is arguably more 
strongly type II than that observed for DSPIP.  Anecdotal evidence of PI-3,4,5-P3 suggests that 
this lipid prefers normal curvature80 (away from the aqueous fraction), possibly due to strong 
hydration of the charged phosphates on the inositol ring which gives rise to strong 
hydration/steric forces.  These three results suggest that increasing numbers of phosphate groups 
on the inositol ring increase the lipid‘s propensity for normal curvature, and so the behaviour of 
inositides with intermediate numbers of phosphate mono-esters (as yet unexamined by x-ray 
diffraction), such as the PIP2s, may possess type 0 character.   
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Scheme 58.  The qualitative effect of changes in pressure/temperature on the shape of the lipid molecules.  
This is shown as 2D shape for clarity.  The left side represents type 0 shaped lipid molecules, such as DOPC, 
in which the polymethylene chains are ordered.  Note that the head group area (red double-headed arrows) 
does not change in this description, where the effective length of the lipid molecules does, as does the width at 
the terminal methyl end of the poly methylene chains.   
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Chapter 12 – The Phase Behaviour of PI-4-Ps as a Function of 
Hydrostatic Pressure  
 
(i) Introduction 
 
Living environments on Earth differ greatly in terms of hydrostatic pressure, the extremes 
being the lower strata of the atmosphere (1 Bar) and the deepest parts of the Oceans, such as the 
Mariana trench in the Pacific Ocean (~1,000 Bar).  Additionally, recent experimental work 
suggests that momentary changes in applied surface pressure to bodies of water can induce 
division-like processes in suspended primitive cellular structures351.  There is now a great deal of 
evidence to suggest that applying hydrostatic pressure to phospholipid systems has an ordering 
effect on the structure of the assembly10,11,132,136,352-354.  The hydrocarbon fraction of type II lipids 
under goes subtle changes in which it reduces in effective shape and volume, bringing it closer to 
the shape of a type 0 lipid, reducing the negative curvature11,132,136,354.  In fact, the pressure-
induced changes observed on applying hydrostatic pressure to a system can be predicted in terms 
of Le Châtelier‘s principle, which states that the application of high(er) pressure will shift the 
equilibrium towards structures of a smaller volume than the ground/initial state.  Although no x-
ray studies of inositides, and therefore no pressure x-ray studies of inositides have yet been 
published (outside of one on natural extracts, carried out in our own laboratory185), a plethora of 
studies on the behaviour of phospholipid systems under pressure exists, with general principles of 
the behaviour of phospholipids under pressurised conditions largely established.  The subject of 
the behaviour of phospholipid systems under applied pressure has also been reviewed several 
times132,136,353,355.   
As well as hydrostatic pressure applied to the whole system uniformly, pressure forces also 
exist transversely within membranes.  So-called lateral pressure in the hydrocarbon fraction (Fig. 
15) is a crucial factor in the transitions between phases.  Phase transitions can be induced either 
by changes in pressure, or temperature, or both, where the applied factor drives changes in the 
free energy and preferred curvature of the system.  An increase in temperature increases the 
energy available to the system and makes it easier for it to overcome the energetic barrier to the 
polymethylene chains to forming gauche bonds, which in turn increases the lateral movement of 
the chains and therefore the effective volume of the hydrocarbon fraction.  This is necessarily the 
result of an increase in the lateral pressure between polymethylene chains within the 
hydrocarbon fraction.  If this desire for an increase in volume of the hydrocarbon fraction is not 
matched by an increase in head group area, a desire for negative curvature will be propagated as 
the desire for increased volume in the hydration fraction is shaped by the bending of the head 
group surface.  This is shown schematically in Scheme 58: reversible changes to pressure or  
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temperature induce appropriate changes to the hydrocarbon fraction.  Increases in applied 
hydrostatic pressure to phospholipid systems (Scheme 58, towards the left side extreme) restrict the 
ability of polymethylene chains to move laterally, thus reducing their ability to adopt a gauche 
bond conformation.  This favours to the formation of more ordered assemblies of phospholipids.  
For example, applying hydrostatic pressure to a fluid lamellar phase may induce a transition to a 
gel lamellar or crystal lamellar phase136,343.  Applying heat to a crystal or gel lamellar phase 
increases thermal disorder, thus favouring less ordered phases.  Thus, increasing pressure and 
decreasing temperature have analogous effects on a phospholipid system.   
However, the effects of applied pressure to phospholipid systems is studied independently of 
temperature, and for a number of reasons.  First, changes in pressure can be propagated across 
the sample in both pressurising and depressurising directions quickly and effectively.  By 
contrast, temperature studies can be hampered by inconsistencies in temperature across the 
sample, especially in experiments in which a sample‘s behaviour is observed over a range of 
temperatures (a temperature scan).  Second, changes with respect to pressure occur in a sample 
relatively quickly, ensuring that the changes observed are due to structural lipid re-arrangements 
rather than a thermodynamic change.  Third, other thermodynamically-induced changes can 
occur with changes in temperature.  For example, changes in temperature alter the ionisation 
(e.g. pH) of the aqueous fraction, which can also therefore effect those of the lipid species.  This 
means that observed structural changes to the system under changes to temperature are also the 
result of subtler changes in conditions such as pH.  The latter aspect in particular can influence 
the behaviour of inositides as these charged lipids are more sensitive to changes in ionisation  
than other lipids such as DOPC201,231,257.  In a report on the ionisation of bis-and tris-
phosphorylated inositides in mixed model membranes, Kooijman et al. conclude that even minor 
pH changes in the over all environment of the inositides will have a pronounced effect on the 
hydrogen bonding pattern.  This necessarily influences the charge of the head group, thus 
influencing the repelling and attractive interactions between inositides and surrounding 
functionality.  This complicated set of interactions includes the hydrogen bonding pattern 
influence on the formation (or not) of clusters of inositide lipid molecules in a non-concentration-
dependant manner.  This is further complicated when we consider that water ionises more at 
higher temperatures (pure water at 100 °C has a pH of 5∙5) but if pH buffers are factored in, this 
is compounded.  For example, a solution of the tris base buffer at pH 7∙4 at 25 °C will increase to 
pH 7∙97 at 5 °C but fall to pH 7∙12 at 37 °C340.  Changes to pressure are generally unable to effect 
the aqueous (or other solvent) fraction in this way; the most serious example of a pressure 
induced change being an increase in pressure of several thousand Bar above atmospheric 
pressure inducing solidification of the aqueous fraction132,353.  The latter can be avoided by 
limiting the range of pressures to exclude this factor.  By comparison, aqueous fractions, which  
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Fig. 83.  Reproduction of phase diagram for DOPC under excess hydration, 
published by Landwehr and Winter343.  100 MPa = 1,000 Bar.   
 
 
 
Fig. 84.  Phase diagram of dipalmitoyl-
phosphatidylcholine (DPPC) in excess water (top) and 
schematic drawing of the packing of the d-spacing at 
23 °C (bottom).  Lβi is an inter-digitated gel lamellar 
phase.  Taken from refs353,356 
 
 
 
 
Fig. 85.  Chain melting boundaries (i.e. 
formation of the fluid lamellar phase from a more 
ordered lamellar phase) for a variety of 
phospholipids.  Prefices DP = dipalmitoyl, DM = 
dimyristoyl, DE = dielidoyl, PO = palmitoyl-
oleoyl.  Taken from ref 136.  
Samuel Furse - The Synthetic Preparation and Physical Behaviour of Phosphatidylinositol-4-Phosphates  329 
 
typically comprise dissolved salts will typically freeze between -20 and 0 °C.  The limited effect 
of variations in hydrostatic pressure on the aqueous fraction is useful for studying lipid systems 
because the effects of changes in the hydration of the head group is less than with changes in 
temperature.  This allows other changes, especially those of a structural nature (e.g. those in the 
hydrocarbon fraction) to be studied more precisely.  It has been established that changes to 
hydration of lamellar phases influences the order in the hydrocarbon fraction175,345.  Lamellar 
phases of low hydration are generally more ordered than those of intermediate hydration (gel 
lamellar phases) or fully hydrated (fluid lamellar phases).  This is partly due to changes in 
effective head group area.  More hydrated head groups have a larger area, and thus a larger 
neutral surface.  This gives the polymethylene chains a greater scope for lateral movement, i.e. a 
larger volume in which to pack.   
As the variety of ways in which polymethylene chains can pack is not as broad as those of 
lipids in general it is not the single defining feature of phospholipid polymorphism.  However, 
several types of hydrocarbon packing have been reported150,153,175,345.  The packing of the 
hydrocarbon fraction is most clearly determined using wide-angle x-ray diffraction as the 
periodicity (if any) in the hydrocarbon fraction is exposed by reflections that fall in the wide- 
angle region.  When the (unbranched) polymethylene chains are packed into an hexagonal 
lattice, only a single wide-angle signal is observed (~4∙2 Å),  as all of the smallest distances 
between lattice planes is the same.  The d-spacing for this lattice can therefore be obtained from 
Eq. 13 (page 273).   However, when the polymethylene chains are packed into a centred 
rectangular lattice, rectangular constants (arec and brec) are used to describe the dimensions of the 
lattice.  They are calculated from the d-spacings thus: 
 
arec = 2.d20         Eq. 24 
brec = d11/[(1-{ d11/(2.d20)}
2)1/2]      Eq. 25 
 
where d11 and d20 represent the d-spacings of the √3 and √4 reflections, respectively.   
 In a report into the behaviour of a saturated phosphatidylcholine under pressure, 
Czeslik et al. report the presence of two different chain packings, at two different dimensions 
each356 (Fig. 84).  Crucially, these gel lamellar phases do not appear under temperature-scanning 
conditions alone, the temperature scan at atmospheric pressure in Fig. 84 shows that between 0 
and 90 °C only the tilted gel, rippled gel and fluid lamellar phases are observed.  Thus 
atmospheric conditions avoid the formation of the inter-digitated gel lamellar phase (marked as 
Lβi) altogether.  Although is is possible to alter the aqueous fraction in such that it is less able to 
hydrate the head groups, and thus mimic the dehydration at very high pressures, this alone is 
unlikely to have exactly the effect of pressure.  This is because changes to the aqueous fraction 
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Fig. 86.  Infinite periodic minimal surfaces upon which form the geometrical basis for the three bicontinuous 
phases observed in phospholipid systems, (a) Im3m, (b) Pn3m, (c) Ia3d.  The (000-111) black line represents 
the vector through which Gaussian curvature is at its minimum for this phase, and the vertical line represents 
the vector of maximum Gaussian curvature.  All of the lines pass through the lipid bilayer at right angles.  
Diagrams taken from ref 357.   
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would not be able to invoke the drive towards lower-volume structures that high pressure can.  
The freezing of the aqueous fraction apparently restricts the ability of gel 4 (Fig. 84) to exist at 
atmospheric pressure.  The ready formation of such phases in a pressure-dependant way begs the 
question as to why this occurs.  The basic description above is that the increase in pressure 
restricts the formation of gauche bonds (favouring anti-peri-planar ones, as these have a smaller 
packed volume), however the overall effect, which can be more subtle, is also now known.  
Taking the gel/fluid lamellar-to-lamellar phase transition as an example, three major aspects 
apply.  First, pressure changes have little direct effect on the axial rotation of lipid polymethylene 
chains in the pressure-induced fluid-to-gel lamellar phase transition.  By contrast, decreases in 
temperature necessarily reduce the free energy of the system, restricting all types of molecular 
disorder.  Changes to this variable are not significant in a pressure-varied system as the free 
energy does not change.  Second, the head group hydration can change, e.g. if the aqueous 
fraction solidifies, the available hydration is dramatically reduced, reducing the head group area 
and favouring ordered phases.  A third factor that influences phase transitions between lamellar 
phases is the intermolecular entropy.  Again, this is influenced by the applied thermodynamic 
conditions, a higher temperature increases inter-molecular (as well as intra-molecular, above) 
disorder.  These three factors are often simplified in terms of the gel-to-fluid-lamellar phase 
transition, the collective effect being the ‗chain melting pressure/temperature‘. 
The mixture of factors that govern the phase transitions operate together, giving rise to the 
particular characteristics of the behaviour observed in pressure/temperature (p/T) phase 
diagrams.  For example, unlike temperature-based phase diagrams, the phase boundaries in p/T 
are straight lines, with gradients normally ~22 °C/kBar for lipids with polymethylene chain 
lengths of C16 and C14 (examples shown in Fig. 85).  Lipids with C18 polymethylene chains (such 
as DOPE and DOPC, Fig. 85) however show shallower gradients for the chain-melting 
transition, closer to 14 °C/kBar.  This is contrasted with the fluid lamellar-to-inverse hexagonal 
phase transition gradient that is around 40 °C/kBar, an exceptionally high gradient342.  Although 
this is one of the most pressure-sensitive phase transitions the reasoning for this is unclear. 
As well as pressure-induced lamellar phase transitions, pressure-induced formation of cubic 
phases is also reported.  Duesing et al. report that a saturated C14 PE forms the Pn3m phase when 
higher pressures (>800 Bar) and high temperatures (>100 °C)342 are applied under excess 
hydration.  At higher temperatures than this, but similar pressures, the inverse hexagonal phase 
is observed, and at lower temperatures the fluid lamellar phase.  In the range of pressures 
studied, the gel lamellar phase was observed at all pressures recorded at temperatures below 
50 °C.  Critically, this phase transition can only have been the result of applied hydrostatic 
pressure as it was not observed isobarically.  It has also been reported that cubic-to-cubic phase 
transitions can occur in a pressure-dependant manner.  To date, there are three bicontinuous  
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Fig. 87.  Pressure scan of 2% DSPIP in DOPC (1 Bar to 3,600 Bar), 14∙9 °C, x axis = 1/d-spacing (1/Å), 
y axis = pressure (Bar), z = intensity (a.u.).  Shown as a 3D stack plot.   
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cubic phases observed in phospholipid systems.  These are defined as infinite periodic minimal 
surfaces (IPMS) upon which a lipid bilayer is draped (Fig. 86).  There is also an established 
structural order of these three bicontinuous cubic phases, Im3m  Pn3m  Ia3d in ascending 
order of compactness.   
Pisani et al. report that increasing pressure on a mono-olein system with an aqueous fraction 
of ~35 wt% induces a phase transition from Pn3m to Ia3d, typically requiring a pressure of 
>1,000 Bar to effect the transition358.  However, more recent work concludes that such a system 
is extremely sensitive to hydration and temperature and so improvements in experimental 
techniques (such as hydration) are required before accurate phase boundary data can be 
recorded192.  The formation of the Ia3d phase in DLPC/fatty acid systems at 50 wt% water is 
clearer however, with pressure dependant formation of this phase above 20 °C354.   
Although not to be confused with applied hydrostatic pressure, the lateral pressure in lipid 
assemblies has also been hypothesised to be a factor capable of mediating biological processes.  
Schmid et al. allude to this possibility in the hydrocarbon fraction of a eukaryotic cellular 
membrane as an explanation for the effect of the physical presence of inositides on the activity of 
membrane-bound enzymes, implying subtle effects of pressure on biological systems in this case 
cell signalling20.  If minor lipid components of the membrane can induce pressure-based effects, 
the question of where the limits and boundaries are for inositides as a function of this physical 
parameter becomes germane, as it suggests that the physical behaviour and effect of biologically 
active molecules is unknown.  Understanding of this has applications to understanding and 
manipulating their physical action in vivo.  A more striking possibility is the physical role of these 
lipids in membrane-dividing events such as cell division and endocytosis. 
 
(ii) Summary of results 
 
This study of the behaviour of PI-4-Ps as a function of hydrostatic pressure was designed to 
probe the disruption of DSPIP on the established character of DOPC12,170,175 beyond the means 
available in temperature scanning and thus give a further insight into its physical behaviour, 
particularly from more structural angle.    The results of the temperature scans described above 
are used to inform those of the pressure study discussed here.  In particular, lipid assemblies not 
clear or only hinted at in the temperature scans may be found more clearly under these 
conditions and thus investigated more deeply.  Variation amongst the phases observed at 
atmospheric pressure was also examined.   
The principal finding of pressure-based experiments is that pressure reduces the curvature of 
the pivotal surface and the fluidity of the hydrocarbon fraction, favouring formation of (flat)  
ordered lamellar phases, rather than the inverse hexagonal phase observed extensively in  
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Fig. 88. Left:  sets of data points taken for 2% DSPIP in DOPC system from the pressurising scans.  Right: 
data points with boundary lines drawn in.  Colour coding: red = inverse hexagonal, yellow = inverse 
hexagonal and fluid lamellar, light blue = fluid lamellar, orange = fluid lamellar and crystal lamellar, green 
= crystal lamellar, turquoise blue = crystal lamellar, hexagonal and fluid lamellar.  Dots represent the 
presence of the Ia3d phase.   
 
 
 
Fig. 89.  Phase diagram of the 2% DSPIP system at 66 wt% hydration under 
pressurising conditions.  The black lines represent approximate phase 
boundaries.  The dotted line represents the lowest boundary for the existence of 
the Ia3d cubic phase.   
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Fig. 90.  Left:  data points taken for 2% DSPIP in DOPC system, from depressurising scans.  Right: data 
points with boundary lines drawn in.  Colour coding: red = inverse hexagonal, yellow = inverse hexagonal 
and fluid lamellar, light blue = fluid lamellar, orange = fluid lamellar and crystal lamellar, green = crystal 
lamellar, turquoise blue = crystal lamellar, hexagonal and fluid lamellar.  Dots represent the presence of the 
Ia3d phase.   
 
 
 
Fig. 91.  Phase diagram of the 2% DSPIP system at 66 wt% hydration 
under depressurising conditions.  The black lines represent approximate 
phase boundaries.  The dotted line represents the lowest boundary for the 
existence of the Ia3d cubic phase.   
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Fig. 92.  Pressurising scan of 2% DSPIP in DOPC at 14∙9 °C.  Phase assignments are marked, along with 
x,y intensity plots of individual frames showing (top to bottom) crystal lamellar, crystal lamellar/fluid 
lamellar mixture (signals not separable), fluid lamellar, and inverse hexagonal.  On these plots, the y axis 
represents intensity (arbitrary units) and the x axis represents 1/d-spacing (Å-1).   
 
 
 
Graph 7.  Increasing half of a pressure scan of 2% 
DSPIP in DOPC at 14∙9 °C.  This shows evidence for 
at least two lamellar phases, and one inverse 
hexagonal phase.   
 
 
Graph 8.  Graph showing the intensity of the first-
order signals of the phases as a function of 
pressure.  This graph relates to the pressurising 
half of the pressure scan carried out at 14∙9 °C. 
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temperature scans.  Systems containing 2% DSPIP at 66 wt% hydration produced evidence for 
the formation of the Ia3d cubic phase.  Systems composed of equimolar quantities of DSPIP and 
DOPC, exposed to 66 wt% hydrating buffer, demonstrated several pressure-dependant phase 
transitions.  Conclusive phase assignments were informed by the phase behaviour observed 
under temperature scanning conditions as well as characteristic pressure-dependant behaviour of 
known phospholipid systems2,10,11,132, as wide-angle x-ray data was not available in these high 
pressure studies.   
The data collected in this study has been used to construct T/p phase diagrams for both the 
2% and 50% DSPIP in DOPC systems.  The 2% DSPIP phase diagrams (phase diagram 
constructed from pressurising data is shown in Fig. 89, built from Fig. 88 (right) and data points 
Fig. 88 (left), and depressurising phase diagram Fig. 91, built from data points Fig. 90 (left) and with 
boundaries Fig. 90 (right)) show clear boundaries for the crystal lamellar and inverse hexagonal 
phases, with various mixtures of phases in between them.  In the 2% DSPIP system there is a 
large area over which Ia3d is recorded, only too high a pressure and too low a temperature 
compromises its existence.  This is surprising in the light of data on DOPC alone in which 
changes in pressure elicit differing forms of lamellar phase145.  This change in behaviour is 
effected by addition of 2% DSPIP.   
The phase diagrams of the 50% DSPIP in DOPC system (pressurising phase diagram shown 
in Fig. 94, built from Fig. 93 (right) and data points Fig. 93 (left), and depressurising phase diagram 
Fig. 96, built from data points Fig. 95 (left) and with boundaries Fig. 95 (right)) show a system in 
which the inverse hexagonal phase persists over a larger range of conditions than it did in the 2% 
system.  In fact, there is evidence for the presence of the inverse hexagonal phase over all 
pressures and temperatures examined in the 50% DSPIP system.  This phase is also shown to 
mix with a variety of lamellar phases in this system, but with no evidence for the existence of a 
cubic phase, in keeping with C18 systems discussed elsewhere in which longer chain lengths 
appear to suppress the formation of cubic phases134,354.    
 
 
(iii) 2% DSPIP in DOPC – pressure scan at 14∙9 °C 
 
The temperature scans of this composition of hydrated (66 wt%) DSPIP and DOPC 
(between -12 and 80 °C, Graph 3, page 304) demonstrated that inverse hexagonal and crystal 
lamellar phases predominated, with evidence of a short-lived fluid lamellar phase.  In order to 
examine the behaviour of this system under pressure, a pressure scan was taken at 14∙9 °C.  This 
temperature fell within the range examined in the temperature study carried out at atmospheric 
pressure (~1 Bar), discussed above.  Scans comprised raising the pressure from 1 Bar to  
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Fig. 93.  Left:  data points taken for 50% DSPIP in DOPC system, from pressurising scans.  Colour coding: 
red = inverse hexagonal, yellow = inverse hexagonal and untilted gel lamellar, orange = tilted gel lamellar, 
untilted gel lamellar, Black = all four phases, green = crystal lamellar untilted gel lamellar and inverse 
hexagonal, light blue = fluid lamellar and inverse hexagonal, purple = crystal lamellar, tilted gel lamellar 
and inverse hexagonal, claret = crystal lamellar and inverse hexagonal.  
 
 
 
Fig. 94.  Phase diagram of the 50% DSPIP system at 66 wt% hydration, 
from pressurising scans.  The black lines represent approximate phase 
boundaries.   
 
 
Samuel Furse - The Synthetic Preparation and Physical Behaviour of Phosphatidylinositol-4-Phosphates  339 
 
   
Fig. 95.  Left:  data points taken for 50% DSPIP in DOPC system, from depressurising scans.  Colour 
coding: red = inverse hexagonal, yellow = inverse hexagonal and fluid lamellar, light blue = fluid lamellar, 
orange = fluid lamellar and crystal lamellar, green = crystal lamellar, turquoise blue = crystal lamellar, 
hexagonal and fluid lamellar.  Dots represent the presence of the Ia3d phase.  Right: data points with 
boundary lines drawn in.   
 
 
Fig. 96.  Phase diagram of the 50% DSPIP system at 66 wt% hydration, 
from depressurising scans.  The black lines represent approximate phase 
boundaries.   
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Fig. 97.  Depressurising scan of 2% DSPIP in DOPC at 14∙9 °C.  Phase assignments are marked, along 
with x,y intensity plots of individual frames showing (top to bottom) crystal lamellar, crystal lamellar/fluid 
lamellar mixture, fluid lamellar, and fluid lamellar/inverse hexagonal mixture.  On these plots, the y axis 
represents intensity (arbitrary units) and the x axis represents 1/d-spacing (Å-1).   
 
 
 
 
Graph 9.  Decreasing half of a pressure scan at 
14∙9 °C, showing evidence for up to three lamellar 
phases, and an hexagonal phase.   
 
 
 
Graph 10.  The intensity of the first-order signals 
of the phases as a function of pressure.  This 
graph relates to the depressurising half of the 
pressure scan carried out at 14∙9 °C. 
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3,600 Bar before being decreased to 1 Bar.  Typically, diffraction images were taken at 200 Bar 
intervals with equilibration time of 120 s and an exposure time of 0∙1 s.  The pressurising half of 
the scan is shown in Fig. 87 (3D stack plot) and Fig. 92 (2D stack plot).  The colouring in these 
plots represent integrations of the intensity across a double-pyramid (‗butterfly‘) section of the 2D 
image taken (such as that in Fig. 66, page 300), centred on the beam.  Darker areas represent 
higher intensities.   
The effect of increasing the pressure to 3,600 Bar on a system of hydrated 2% DSPIP in 
DOPC at 14∙9 °C is clearly different to phase changes brought about by changes in sample 
temperature at atmospheric pressure (vide supra).  In this scan, the hexagonal phase is observed 
clearly at atmospheric pressure (Fig. 92, also inserted frame intensity plot), with a d-spacing of 
64∙0 Å, in agreement the value taken on the beamline at Imperial College at this temperature.  
On increasing the pressure, this inverse hexagonal phase transforms into a lamellar phase within 
a few hundred Bar.  This second phase is identified clearly as lamellar as a second order signal is 
observed in the correct ratio for that phase.  As wide-angle x-ray diffraction was not available in 
this study, other evidence as to the identity of the lamellar phase was sought.  This lamellar 
phase increases in lattice parameter as the pressure is increased, at a rate of 1∙45 Å/kBar until it 
disappears at around 2,400 Bar (Graph 7).  This suggests that the ordering effect of the increasing 
pressure reduces the lateral movement of the polymethylene chains by reducing the number of 
gauche bonds and thus effectively lengthening the space in which the chains lie.  Additionally, a 
fluid phase was observed in the temperature-based scans—albeit over a narrow range—in which 
wide-angle data was available.  The phase observed at the higher end if the pressures applied to 
the sample (1,500-3,600 Bar) studied here is also assigned as a lamellar phase as it too has a 
second order reflection in the correct ratio for a lamellar phase.  Again, as wide angle x-ray 
diffraction was unavailable, the change in d-spacing with pressure was used as a guide to the 
identity of the lamellar phase.  The change in lattice parameter of this phase is less than 1 Å 
between 2,400 Bar on the increasing half of the scan, and 1,700 Bar on the decreasing half of the 
scan (over the peak at 3,600 Bar).  This is consistent with a hydrocarbon fraction that is already 
ordered and of a head group surface of minimal (or even minimum) hydration, thus assembling a 
system that does not compress readily and so increases in applied pressure have little effect on 
the lattice parameter.   
The graphs of intensity versus pressure for 2% DSPIP in DOPC at 14∙9 °C (Graph 8 relating 
to the pressurising half of the scan, and Graph 10 relating to the depressurising half) suggests that 
the fluid lamellar phase replaces the inverse hexagonal as the two have an approximately 
inversely-proportional relationship with respect to intensity; the fluid lamellar phase increases as 
the inverse hexagonal decreases.   
The X-ray data on DSPIP described above invites comparison with relatively few other  
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Fig. 98.  Pressurising scan of 2% DSPIP in DOPC at 24∙1 °C.  Phase assignments are marked, along with 
x,y intensity plots of individual frames showing (top to bottom) crystal lamellar, crystal lamellar/fluid 
lamellar mixture, fluid lamella/inverse hexagonal mixture, and inverse hexagonal.  On these plots, the y 
axis represents intensity (arbitrary units) and the x axis represents 1/d-spacing (Å-1).   
 
 
Graph 11.  Increasing half of a pressure scan of 2% 
DSPIP in DOPC at 24∙1 °C.  This shows evidence 
for one lamellar phase, one inverse hexagonal phase, 
and the Ia3d.    
 
Graph 12.  The intensities first-order signals of 
the phases as a function of pressure.  This graph 
relates to the pressurising half of the pressure scan 
carried out at 24∙1 °C.
 
 
Fig. 99.  Representative example 
of the Ia3d signals in the 24∙1 °C 
scan at 2,250 Bar (pressurising).  
Consequently, the d-spacing 
values associated with this phase 
in this scan are approximate 
only. 
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systems, as focussed studies of its phase behaviour have yet to reach the literature.  However, 
work by Mulet et al. carried out at Imperial College on natural extracts of bovine and triticum PI 
suggest that it induces significant negative curvature when mixed with DOPC23,24,185.  The 
mixtures of PI with DOPC (1:9, 2:8 mol/mol) under limited hydration produced fluid and crystal 
lamellar, inverse hexagonal and the discontinuous cubic Fd3m phases, as well as one 
unidentified phase.  Three or four weeks‘ equilibration time was sufficient for the Fd3m to form 
in the 1:9 system.  Mulet theorises that the type II phase behaviour in that system can be ascribed 
to the hydrogen bonding interactions between the PI head group and that of the 
phosphatidylcholine (PC) head group.  This interaction reduces the ability of the PC head group 
to hydrate and thus renders the effective head group volume as small.  This satisfies the 
hydrophobic effect and also invites the negative curvature that is a feature of the inverse 
hexagonal and Fd3m phases observed.  Although no pressure studies on PI mixtures are reported 
by Mulet, it is difficult not to apply similar behavioural characteristics to the current system.  The 
clear differences between the published systems and the DSPIP/DOPC mixture used here are (a) 
that the hydrocarbon fraction of the PI natural extracts comprises a variety of fatty acid residues; 
(b) DSPIP comprises a [charged] phosphate group on the inositol ring of the head group; (c) The 
published data is based on the behaviour of a mixture of 1:9 PI/DOPC where the current study it 
comprises 1:49.  It is inconceivable that the additional phosphate in DSPIP does not effect the 
behaviour of the system significantly by comparison to PI.  Although the aspect of charge in 
lipids had received less attention than other functional or structural aspects of lipids (such as 
length of the polymethylene chain), there is some evidence that the interaction between charged 
lipids and water can have a profound effect on the distance between bilayers181.  In an hydration 
study in which mixtures of PS and PI with natural extracts of PC were examined, Cowley et al. 
conclude that the hydration that charged functional groups can attract leads to a widening of the 
distances between bilayers, as a result of a repelling hydration (and presumably steric) force.  
Moreover, Cowley et al. report a non-linear increase in d-spacing with increasing water content 
of the system with a d-spacing of around 108 Å for 10% phosphatidylinositol in egg 
phosphatidylcholine at the hydration used in this study (66 wt%).  Although this is significantly 
higher than the d-spacings measured under any conditions in this study (no indication is given of 
temperature in the published work181), published figures are in agreement with the study by 
Mulet, for a temperature of 40 °C and hydration of 30 wt%24.  This is despite the presence in the 
latter study of 5 mM Mg++, Cowley et al. were careful to minimise the presence of ions in their 
samples.  A d-spacings for a lamellar phase in the published work seems at odds with those 
observed in this work when one considers that the inositide in this study has an additional 
phosphate mono-ester in the head group, and thus an additional negative charge.  One would  
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Fig. 100.  Depressurising scan of 2% DSPIP in DOPC at 24∙1 °C.  Phase assignments are marked, along 
with x,y intensity plots of individual frames showing (top to bottom) crystal lamellar, crystal lamellar/fluid 
lamellar mixture, fluid lamellar, and inverse hexagonal.  On these plots, the y axis represents intensity 
(arbitrary units) and the x axis represents 1/d-spacing (Å-1).   
 
 
 
 
Graph 13.  Depressurising half of a pressure scan 
of 2% DSPIP in DOPC at 24∙1 °C.  This shows 
evidence for one lamellar phase, one inverse 
hexagonal phase, and the Ia3d.    
 
Graph 14.  Graph showing the intensity of the 
first-order signals of the phases as a function of 
pressure.  This graph relates to the depressurising 
half of the pressure scan carried out at 24∙1 °C. 
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expect a system such as this to show a greater propensity for attracting hydration than those of 
the published work, and thus give rise to still bigger d-spacings.  Although this effect has not the 
subject of investigation in the current study, one possibility is that the charge screening effect of 
the magnesium ions in the systems examined here is a strong one.  There is now significant 
evidence for presence of group I or II metal cations reducing the repelling forces between 
hydrated bilayers, relative to systems in which aqueous fractions contain no ions179,180,223.   If true, 
this would suggest that the Mg++ present in the study carried out by Mulet had little over-all 
effect on the d-spacing of the systems examined in that study.  Irrespective of the presence of 
metal cations is, with phosphate groups placed across from one another on the inositol ring and 
four hydroxyls on the remaining carbons of the ring, the scope for interaction of this head group 
with charged or polar species chemically is not doubtful.   
One may infer that there is either a strong hydration of the head groups, a strong interaction 
between neighbouring head groups or a strong repelling force between head groups as a result of 
the charge the head group possesses.  The behaviour observed in this system suggests that far 
from exerting behaviour consistent with repelling forces, the formation of type II assemblies 
suggests a strong interaction between head groups.  It is not clear why the head groups in the 2% 
DSPIP system do not hydrate in such a way as to produce an hydrosphere which possesses 
significant enough steric bulk to cause swelling of the phases.  Study of the behaviour of the 50% 
DSPIP sample (below, page 357) reveals a system with a wider d-spacings than the 2% DSPIP, 
implying that the counter ions of this inositides were dissociated in both systems and thus there is 
a greater repelling force between bilayers.   
The behaviour observed in this scan (well-defined inverse hexagonal, lamellar and crystal 
lamellar phases) is somewhat different with that observed under heating/cooling temperature 
scans, in which the crystal lamellar and inverse hexagonal phases were clearly observed, but only 
with a hint of a fluid lamellar phase.  In order to understand the phase behaviour more deeply a 
combined temperature and pressure scan was carried out on this system.  More importantly, a set 
of pressure scans carried out over a physiologically-relevant temperature range would be able to 
provide evidence for the construction of a phase diagram of this three component system.  This 
in turn gives predictive powers as to the behaviour of such systems under given physical 
conditions.  Further pressure scans (1  3,300  1 Bar) of this lipid system were carried out at 
24∙1 °C (analogous with warmer ecological systems, Graph 11 and Graph 13, page 342), 33∙4 °C, 
43∙0 °C (between which is mammalian physiological temperature, pages 346 and 350, 
respectively), and an increasing scan at 52∙3 °C as an upper limit. 
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Fig. 101.  Pressurising scan of 2% DSPIP in DOPC at 33∙4 °C.  Phase assignments are marked, along with 
x,y intensity plots of individual frames showing (top to bottom) fluid lamellar, Ia3d (magnified, arrows 
indicate √6 and √8 reflections), fluid lamellar, and inverse hexagonal phases.  On these plots, the y axis 
represents intensity (arbituary units) and the x axis represents 1/d-spacing (Å-1).   
 
 
Graph 15.  Increasing half of a pressure scan of 
2% DSPIP in DOPC at 33∙4 °C.  This shows 
evidence for one lamellar phase, one inverse 
hexagonal phase, and the Ia3d.   
 
Graph 16.  Graph showing the intensity of the 
first-order signals of the phases as a function of 
pressure.  This graph relates to the pressurising 
half of the pressure scan carried out at 33∙4 °C. 
 
 
 
Fig. 102.  Evidence for the Ia3d 
phase at 33∙4 °C at 3,000 Bar.  
Pattern fitting lines (vertical, 
dotted) shown.  Axes: y axis is 
intensity (a.u.). 
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 (iv) 2% DSPIP in DOPC – pressure scan at 24∙1 °C 
 
The pressure scan at 24∙1 °C showed evidence for the inverse hexagonal phase, similar to 
that observed above and two lamellar phases as well as a weak cubic phase over a range of 
pressures.  The Bragg signals observed for the cubic phase are spaced as √6 and √8 and so this is 
assigned as Ia3d (QII
D phase, Fig. 99).  The phases that appear in this scan are shown in the stack 
plots, Fig. 98 (pressurising half), and Fig. 100 (depressurising half).  The Ia3d phase, that is not 
observed at lower temperatures, has a range of approximately 90-120 Å lattice parameter in the 
pressure range over which it is observed (from ~500 Bar in the pressurising scan, to 1,000 Bar in 
the depressurising scan).  Despite indicative evidence for this phase, the signals were so weak as 
to make intensity data potentially misleading (Fig. 99).  This phase appears more clearly at higher 
temperatures (see below) and thus is investigated more in those scans.   
The lattice parameters for the hexagonal and lamellar phases are of a similar order for the 
previous scan (see Graph 11, Graph 13), however in this warmer system, the hexagonal phase is 
observed at higher pressures (up to 1,300 Bar rather than only 900 Bar on the pressurising half of 
the scan, and from 900 Bar rather than from 700 Bar on the depressurising half), and to a larger 
lattice parameter (68∙6 Å compared to 65∙7 Å on the pressurising half of the scan, and 62∙5 Å 
compared to 61∙7 Å in the decreasing half of the scan).  The lattice parameter of the hexagonal 
phase at 1 Bar is smaller by 0∙7 Å than the value recorded at 14∙9 °C, and are in agreement with 
values obtained under temperature scanning conditions.  The warmer temperature also means 
that the fluid lamellar phase observed in the first scan (14∙9 °C; Graph 7, Graph 9) remains up to 
3,300 Bar – the highest pressure in this scan.  
The lattice parameter of this fluid phase is proportional to changes in pressure, reaching the 
largest d-spacing at 3,300 Bar (maximum pressure) with a spacing of 54.6 Å.  In a similar way to 
the 14∙9 °C scan in the depressurising half of the scan, the fluid lamellar is visible until the 
pressure is down at least as far as 100 Bar, reaching a lattice parameter of 50∙8 Å at 100 Bar.  
This is a rate of change in lattice spacing of -1∙2 Å/kBar, compared to +1∙1 Å/kBar in the 
pressurising half.  The first d-spacing of the fluid lamellar phase in the pressurising half (400 Bar) 
of the scan is 51∙5 Å, 0∙7 Å above that observed in the depressurising half (50 Bar).   
Once again the intensity plots show a decrease in intensity of the fluid lamellar phase is 
approximately inversely proportional to that of the inverse hexagonal phase (Graph 12, Graph 14).  
The crystal lamellar phase increases in intensity at the higher pressure end of the pressurising 
half, as the intensity of the fluid lamellar phase has started to drop.  Unlike the intensities of the 
signals of the fluid lamellar phase in pressure- decreasing half of the scan (Graph 14) there is a 
significant pressure range over which the intensity of the signals of the fluid lamellar phase 
changes by less than 10% (1,000-2,200 Bar) in the pressure-increasing half (Graph 12).   
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Fig. 103.  Depressurising scan of 2% DSPIP in DOPC at 33∙4 °C.  Phase assignments are marked, along 
with x,y intensity plots of individual frames showing (top to bottom) fluid lamellar, Ia3d (magnified, arrows 
indicate √6, √8 and √14 reflections), fluid lamellar, and inverse hexagonal phases.  On these plots, the y axis 
represents intensity (arbitrary units) and the x axis represents 1/d-spacing (Å-1).   
 
 
 
 
 
Graph 17.  Decreasing half of a pressure scan of 
2% DSPIP in DOPC at 33∙4 °C.  This shows 
evidence for one lamellar phase, one inverse 
hexagonal phase, and the Ia3d.    
 
 
Graph 18.  Graph showing the intensity of the 
first-order signals of the phases as a function of 
pressure.  This graph relates to the depressurising 
half of the pressure scan carried out at 33∙4 °C. 
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(v) 2% DSPIP in DOPC – pressure scan at 33∙4 °C 
 
A continuing trend is observed in a pressure scan carried out at 33∙4 °C (stack plots for 
pressurising and depressurising of the system are shown in Fig. 101 and Fig. 103 respectively).  
The hexagonal phase appears to be stabilised further by the higher temperature, as it is visible up 
to 1,600 Bar in the pressure- increasing half of the scan, and from 1,000 Bar in the depressurising 
half.  This compares to 1,200 Bar and 900 Bar in the 24∙1 °C, and 900 Bar and 700 Bar in the 
14∙9 °C scans, respectively.  The lattice parameter also reaches 70∙1 Å on the pressurising half of 
the scan, 1∙5 Å higher than the d-spacing peak in the scan at 24∙1 °C, though when first visible in 
the depressurising half has a much lower d-spacing (59∙2 Å).  The initial d-spacing of the inverse 
hexagonal phase in the pressurising scan is 53∙6 Å, giving a rate of increase of 10∙3 Å/kBar.  
However, the intensity data indicates that above ~800 Bar the hexagonal phase has a very low 
intensity (Graph 16), less than 10% of the intensity at the outset, and less than that of the Ia3d 
phase, and is therefore not representative of the system across the whole pressure range.  The rate 
of increase in d-spacing up to this point is 4∙7 Å/kBar.  The rate of change in the depressurising 
scan is -6∙1 Å/kBar across the full range but gives a rate of -4∙3 Å for the range 800 to 1 Bar.   
The Ia3d phase is clarified by the increase in temperature and is visible on the pressurising 
half of the scan from 800 Bar (d-spacing of 92∙1 Å), and remains visible down to 200 Bar in the 
decreasing-pressure half of the scan (lattice parameter of 78∙6 Å).  Notably, this phase increases 
in size with increasing pressure (implying the phase has inverse curvature), but does not reach its 
widest spacing between lattice planes at the highest pressure (3,000 Bar).  The widest spacing of 
lattice planes is 107∙0 Å and 106∙8 Å for the pressurising and depressurising halves respectively at 
1,400 Bar in each the d-spacing at 3,000 Bar.  The rate of change in lattice parameter is sharpest 
between the appearance (disappearance) of the phase and its widest point in the pressurising 
(depressurising) half of the scan, at 24∙9 Å/kBar (23∙5 Å/kBar).  The rate of the change in lattice 
parameter in the between 1,400-3,000 Bar (3,000-1,400 Bar) is 1∙89 Å/kBar (1∙75 Å/kBar).  This 
suggests that there is a second pressure-related effect that is dominant above this point.  It would 
appear that the intensity of the Ia3d phase is roughly constant throughout its existence in this 
scan, despite the large changes in d-spacing and that the Ia3d and lamellar phases appear at 
approximately the same pressure.  The latter suggests that there may be a transition from the 
hexagonal to both the fluid lamellar phase and the Ia3d phase simultaneously (if the system is 
assumed to be at equilibrium).   
As with the 24∙1 °C scan, the fluid lamellar phase is observable for much of the scan at this 
temperature (33∙4 °C), between 800 Bar on the pressurising half, and down to 400 Bar on the 
depressurising half.  The rate of change in lattice parameter on the depressurising half of the scan 
(-1∙2 Å/kBar) is similar to that of the pressurising half of the scan (+1∙1 Å) in contrast to scans at  
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Fig. 104.  Pressurising scan of 2% DSPIP in DOPC at 43∙0 °C.  Phase assignments are marked, along with 
x,y intensity plots of individual frames showing (top to bottom) fluid lamellar, Ia3d (magnified, arrows 
indicate √6, and √8 reflections), fluid lamellar, and inverse hexagonal phases.  On these plots, the y axis 
represents intensity (arbitrary units) and the x axis represents 1/d-spacing (Å-1).   
 
 
 
 
Graph 19.  Increasing half of a pressure scan of 
2% DSPIP in DOPC at 43∙0 °C.  This shows 
evidence for one lamellar phase, one inverse 
hexagonal phase, and the Ia3d.    
 
 
 
Graph 20.  Graph showing the intensity of the 
first-order signals of the phases as a function of 
pressure.  This graph relates to the pressurising 
half of the pressure scan carried out at 43∙0 °C.  
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cooler temperatures in which the pressurising/depressurising rates are more clearly different.  
The increased temperature has also suppressed the crystal lamellar phase, which was not 
observed in this scan.   
The intensities of the signals in this scan (Graph 16, pressurising half; Graph 18, 
depressurising half) show a similar pattern to scans carried out at cooler temperatures, in that the 
intensities of the fluid lamellar and inverse hexagonal phases have and approximately inversely 
proportional relationship.  There is also a pressure range in both the pressurising- and 
depressurising-halves over which there is a less than 10% change in intensity of the fluid lamellar 
phase over a wide pressure range.  This is 1,200-2,600 Bar in the pressurising half of the scan, 
and 1,050-2,600 Bar in the depressurising half.  Within this minimal change, the intensity does 
increase, with decreasing pressure.  Based upon scans at cooler temperatures, lowering of the  
intensity of the fluid lamellar phase at the highest pressures indicates that the system may be 
moving towards a crystal lamellar phase similar to that observed in scans conducted at cooler 
temperatures, but would require a much higher applied pressure to be observed at this 
temperature.   
 
 
(vi) 2% DSPIP in DOPC – pressure scan at 43∙0 °C 
 
With the scan at 33∙4 °C forming the lower boundary, a scan at 43∙0 °C gives an indication 
of the range within which the phase behaviour at a typical physiological temperature in 
mammals will be observed.  In the 43∙0 °C scan, the inverse hexagonal, lamellar and cubic 
phases present in previous scans are observed (pressurising half Fig. 103, depressurising half Fig. 
104).  There is also a rage of approximately 800 Bar in which all three are observed 
simultaneously (1,000-1,800 Bar).  This number of phases is allowed by the Gibb‘s phase rule, 
based upon a three component system (two lipids and water) with one degree of freedom 
(pressure) up to four phases are allowed.  The warmer temperature in this scan (Fig. 104 and Fig. 
103) also increases the stability of the hexagonal phase, as it is visible up to 1,800 Bar, though the 
largest d-spacing is observed for this phase (66∙0 Å) is noticeably lower than that the peak in the 
33∙4 °C scan (70∙1 Å).  However, in the range over which the hexagonal phase is more 
representative (1-1,400 Bar), the rate is more similar to previous scans at 4∙9 Å/kBar for the 
pressurising half and 5∙0 Å/kBar in the depressurising half.  The behaviour of the fluid lamellar 
phase is also similar to the 33∙4 °C scan, appearing at 1,000 Bar with a lattice parameter of 
51∙0 Å, rising to the widest lattice parameter of 53∙0 Å at the highest pressure (3,000 Bar) before 
falling again to 51∙0 Å.  The rates of increase and decrease in the lattice parameter of this phase 
are however more shallow than those observed in the previous scan (33∙4 °C, Table 5), implying  
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Fig. 105.  Depressurising scan of 2% DSPIP in DOPC at 43∙0 °C.  Phase assignments are marked, along 
with x,y intensity plots of individual frames showing (top to bottom) fluid lamellar, Ia3d (magnified, arrows 
indicate √6, √8, and  √14 reflections), fluid lamellar, and inverse hexagonal phases.  On these plots, the y 
axis represents intensity (arbituary units) and the x axis represents 1/d-spacing (Å-1).   
 
 
 
 
 
 
Graph 21.  Decreasing half of a pressure scan of 
2% DSPIP in DOPC at 43∙0 °C.  This shows 
evidence for one fluid lamellar phase, one inverse 
hexagonal phase, and the Ia3d phase.   
 
 
Graph 22.  The intensity of signals of phases 
observed in 2% DSPIP in DOPC at 43∙0 °C over a 
pressure scan 3,000  1 Bar.  
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Fig. 106.  Pressurising scan of 2% DSPIP in DOPC at 52∙3 °C.  Phase assignments are marked, along with 
x,y intensity plots of individual frames showing (top to bottom) fluid lamellar, Ia3d (magnified, arrows 
indicate √6, and √8 reflections), fluid lamellar/inverse hexagonal mixture, and inverse hexagonal phases.  
On these plots, the y axis represents intensity (arbitrary units) and the x axis represents 1/d-spacing (Å-1).   
 
 
 
 
 
 
Graph 23.  Increasing pressure scan of 2% DSPIP 
in DOPC at 52∙3 °C.  This shows evidence for a 
fluid lamellar phase, one inverse hexagonal phase, 
and the Ia3d phase.   
   
 
 
Graph 24.  The intensity of signals of phases 
observed in 2% DSPIP in DOPC at 52∙3 °C over 
a pressure scan 1  3,000 Bar. 
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Temperature Phase Pressurising 
direction 
(Å/kBar) 
Range 
(kBar) 
Depressurising 
direction 
(Å/kBar) 
Range 
(kBar) 
14∙9 °C Inverse hexagonal 7∙6  
(11∙1) 
0∙0-0∙8 
(0∙0-0∙9) 
-5∙3  
(-8∙7) 
0∙0-0∙6 
(0∙0-0∙7) 
 Fluid lamellar 1∙5 0∙4-2∙4 -2∙1 0∙05-2∙6 
 Crystal lamellar -0∙2 1∙4-3∙6 0∙7 2∙2-3∙6 
24∙1 °C Inverse hexagonal 7∙5  
(8∙7) 
0∙0-1∙0  
(0-1∙3) 
-8∙7  
(-10∙5) 
0∙0-0∙7 
(0∙0-0∙9) 
 Fluid lamellar 1∙1 0∙45-3∙3 -1∙2 0∙1-3∙3 
 Crystal lamellar -0∙8 2∙3-3∙3 0∙1 
(1∙54) 
2∙7-3∙3 
(0∙7-3∙3) 
33∙4 °C Inverse hexagonal 4∙7  
(10∙3) 
0∙0-0∙8 
(0∙0-1∙6) 
-4∙3  
(-6∙1) 
0∙0-0∙8 
(0∙0-1∙0) 
 Fluid lamellar 1∙1 0∙6-3∙0 -1∙2 0∙4-3∙0 
 Crystal lamellar - - - - 
43∙0 °C Inverse hexagonal 4∙9  
(7∙6) 
0∙0-1∙4 
(0∙0-1∙5) 
-5∙0 
(-6∙4) 
0∙0-1∙2 
(0∙0-1∙5) 
 Fluid lamellar 1∙1 1∙0-3∙0 -1∙2 0∙8-3∙0 
 Crystal lamellar - - - - 
52∙3 °C Inverse hexagonal 5∙2 
(6∙3) 
0∙0-1∙8 
(0∙0-2∙0) 
  
 Fluid lamellar 0∙8 1∙2-3∙0   
 Crystal lamellar - -   
 
Table 5.  Summary of the rates of change in d-spacing of the phases observed in a set of pressure scans of 2% 
DSPIP in DOPC.  Rate calculated as first d-spacing less last d-spacing, divided by the pressure range (Bar) 
over which it was observed.  The numbers in parentheses show the values over the fully detected range of the 
given phase, but where this is less than representative as the values of d-spacing below 90% of the highest 
value of intensity skew the data.  This is because the lowest-intensity points have an uncharacteristically 
large/small d-spacing compared to the rest of those observed for that phase.  
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that the fluid lamellar phase is stable at higher pressures than those tested at this temperature, in 
this study.  The range of lattice parameters for the Ia3d phase was also more muted in this scan, 
typically being between 80-99 Å, though over a wide pressure range, first appearing in the 
pressurising direction at 1,000 Bar and remaining until the last frame (1 Bar, depressurising 
direction).  At the point at which the pressure is too low to support the fluid lamellar phase and it 
disappears, the lattice parameter of the Ia3d phase (which had previously been decreasing, 1,500-
800 Bar, Graph 21) increases by 6∙1 Å between data points at 800 Bar and 600 Bar (84∙3 Å and 
90∙1 Å, respectively), before falling again, reaching 68∙7 Å at atmospheric pressure.   
The intensity in the signals observed in this scan are remarkably similar to that of the 
previous (33∙4 °C) scan (Graph 20 for the pressurising half, Graph 22 for the depressurising half).  
The inversely-proportional relationship between the intensity of the inverse hexagonal and fluid 
lamellar signals is also clear in this scan, as well as a wide pressure range over which the intensity 
of the fluid lamellar phase changes by less than 10% (>= 1,350 Bar).  The intensity of the Ia3d 
signals is also low and consistent.  The intensity graphs of these two half-scans are much more 
like mirror-images than those for scans at lower temperatures, suggesting that this system may be 
more at equilibrium than scans at cooler temperatures.  The presence of Ia3d is clear only just 
after the first pressure point in which the fluid lamellar phase is visible.   
 
 
(vii) 2% DSPIP in DOPC – pressure scan at 52∙3 °C 
 
The pressurising scan at 52∙3 °C (stack plot shown in Fig. 106) showed similar features to 
previous scans of this system at cooler temperatures, with inverse hexagonal, fluid lamellar and 
Ia3d phases observed (Graph 23, Fig. 106).  There is also a section of significant overlap between 
phases here too, between 1,200-2,000 Bar in which all three phases are visible simultaneously.   
The inverse hexagonal phase is supported further by the higher temperature in this scan, 
being observed up to 2,000 Bar.  This is 1,100 Bar higher than the last data point the inverse 
hexagonal was observed at 14∙9 °C.  The widest d-spacing of the hexagonal phase at this 
temperature is larger than that of the scan at 43∙0 °C, at 63∙9 Å, though this remains well below 
the largest lattice parameter recorded in these scans (70∙1 Å, 1,600 Bar, 33∙4 Å, Graph 15).  The 
lamellar phase appears significantly later in this half-scan, at 1,200 Bar.  This is the same pressure 
that the Ia3d phase appears at a trend observed from the 33∙4 °C scan.  The d-spacing of the fluid 
lamellar phase is narrower than the cooler scans when it first appeared here, at 50∙9 Å.  This is 
compared to the first data point in the pressurising half of the 14∙9 °C scan in which the lamellar 
d-spacing is 51∙9 Å.  The widening of the lattice parameter in this half-scan is shallower than in 
356           Samuel Furse - The Synthetic Preparation and Physical Behaviour of Phosphatidylinositol-4-Phosphates 
 
 
 
Fig. 107.  Pressurising scan of 50% DSPIP in DOPC at 15∙0 °C.  Phase assignments are marked, along with 
x,y intensity plots of individual frames showing (top to bottom) crystal lamellar, [mixed] lamellar, mixed 
lamellar/inverse hexagonal mixture, and inverse hexagonal phases.  On these plots, the y axis represents 
intensity (arbitrary units) and the x axis represents 1/d-spacing (Å-1).   
 
 
 
Graph 25.  Increasing pressure scan of 50% 
DSPIP in DOPC at 15∙0 °C.  Evidence for three 
lamellar phases and one inverse hexagonal phase.   
 
Graph 26.  The intensity of signals of phases 
observed in 50% DSPIP in DOPC at 15∙0 °C 
over a pressure scan 1  3,400 Bar.   
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previous scans, at 0∙8 Å/kBar.  The intensity of this half-scan (Graph 24) again shows the 
relationship between intensity of the fluid lamellar and inverse hexagonal to be inversely 
proportional, with the Ia3d and fluid lamellar phases appearing simultaneously though at a 
slightly higher pressure than the 43°C increasing-pressure half-scan.  The intensity of the Ia3d 
phase increases slightly after the disappearance of the inverse hexagonal phase, an increase that 
is sustained.  However, once formed the intensity of the Ia3d phase remains low and changes 
little in this range.  
 
 
 (viii) 2% DSPIP in DOPC – Summary of pressure scans 
 
In summary, this temperature scan of pressure scans has demonstrated that that system can 
assemble into several pressure/temperature dependant phases, namely a crystal lamellar phase, 
two lamellar phases and at least two inverse curved phases, one of which is Ia3d and the other 
hexagonal.  The cubic phase is stable after the inverse hexagonal phase has disappeared.   
 
 
(ix) 50% DSPIP in DOPC – pressure scan at 15∙0 °C 
 
The behaviour of this system under conditions in which the pressure was varied was 
examined in order to probe the co-existence of phases observed in the temperature scans (above), 
and further assess the hypothesis of inositide-to-inositide head group interactions.   
In temperature scans of this composition, there appeared to be a significant range (from 
below -12° to ~5 °C) over which both fluid lamellar and inverse hexagonal phases co-existed 
stably.  The more structural effects of changes in pressure may allow us insight and to separate 
these effects from others that occur under thermal conditions, such as changes to the free energy 
or pH.  The starting point for this was a pressure scan of 1  3,400  1 Bar at 15∙0 °C as shown 
in Fig. 107.  Graph 25 shows the d-spacing of the phases identified in pressurising half of the scan, 
with Graph 27 showing the same for the depressurising half.  At 1 Bar at least three Bragg signals 
were observed that are consistent  with an inverse hexagonal phase (ratio of 1, √3, 2...) as 
observed in temperature scans (Chapter 11).  Additionally, the lattice parameter of inverse 
hexagonal phase at 15 °C was carried out at is consistent with that recorded in the temperature 
scans (~58 Å, Graph 5, page 312).  On increasing the pressure above 1 Bar, the system begins a 
transition to a lamellar packing within a few hundred Bar, with evidence for two lamellar phases 
between 400 and 1,900 Bar (L (1) and L (2), numbered after the order in which they appear with 
increasing pressure).  The first lamellar phase to appear, L(1), overlaps with the diminishing  
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Fig. 108.  Depressurising scan of 50% DSPIP in DOPC at 15∙0 °C.  Phase assignments are marked, along 
with x,y intensity plots of individual frames showing (top to bottom) crystal lamellar, [mixed] lamellar, 
mixed lamellar/inverse hexagonal mixture, and inverse hexagonal phases.  On these plots, the y axis 
represents intensity (arbitrary units) and the x axis represents 1/d-spacing (Å-1).   
 
  
 
 
 
Graph 27.  Decreasing pressure scan of 50% 
DSPIP in DOPC at 15∙0 °C.  Evidence for three 
lamellar phases and one inverse hexagonal phase.   
 
Graph 28.  The intensity of signals of phases 
observed in 50% DSPIP in DOPC at 15∙0 °C 
over a pressure scan  3,400  1 Bar. 
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inverse hexagonal phase, however the latter does not disappear entirely at any point in the scan, 
though diminishes greatly in relative intensity to a level that is not accurately measurable above 
800 Bar.  Notably, the increase in pressure does not have a proportional effect on the lattice 
parameter of the hexagonal phase, with the largest d-spacing in the pressurising (depressurising) 
half of the scan being  75∙7 Å (74∙9 Å) at 2,000 Bar (1,800 Bar), Graph 25 (Graph 27).  Above 
2,000 Bar in the pressurising half of the scan, the lattice parameter of the hexagonal phase 
decreases with a rate of 5∙5 Å/kBar up to the highest pressure point (3,400 Bar).  After this point, 
the rate of increase of the d-spacing is 4∙3 Å to the peak of widest d-spacing in the depressurising 
half of the scan at 1,800 Bar, after which the d-spacing falls at a rate of 9∙7 Å/kBar.  Up to 
2,000 Bar in the increasing-pressure half of the scan the rate of increase in lattice parameter is 
8∙4 Å/kBar, starting at ~57 Å (1 Bar).  The lattice parameter of the hexagonal phase recorded at 
atmospheric pressure at the end of the decreasing-pressure half of the scan differed by only 0∙2 Å 
from that of the first data point of the pressurising half of the scan, suggesting that the system is 
at equilibrium in this scan.  These data showing variation in the rates of lattice parameters 
suggest that after a given point, the system undergoes some pressure-induced alterations similar 
to those observed in the 2% DSPIP scans discussed above.  In that study, the a-spacing of the 
Ia3d phase varied in this way.   
The d-spacings of the lamellar phases observed in this scan also change measurably; the rates 
of change for the lamellar phases in this scan are shown in Table 6.  The relatively low rate of 
change in d-spacing compared to the inverse hexagonal phase suggests that the ordering effect of 
pressure on these phases is slight. This might be ascribed to significant structural order in the 
polymethylene chains in the lamellar assemblies before further pressure is applied.  Without 
wide-angle data on this system‘s behaviour under these conditions, identification of the lamellar 
phases is not conclusive.  However, several assertions may be made.  First, the observation of a 
similar set of phase transitions was observed by Winter et al.132 (Fig. 109) in their characterisation 
of DOPE (another type II lipid) under high-pressure and excess hydration conditions can be 
rejected.  Although that study comprised wide- and small-angle data and clearly indicated the 
presence of two gel lamellar phases— one of which is normal (Lβ
o), the other tilted (Lβ
h)—and 
one crystal lamellar phase, there was no evidence for a fluid lamellar phase.  The low-
temperature phase behaviour of 50% DSPIP in DOPC suggests that this system is capable of 
forming the fluid lamellar phase.  While it is possible that a very short-lived phase may not have 
been easily detected under temperature-scanning conditions, it is unphysical for a fluid lamellar 
phase (observed at < -10 °C) to be absent and seemingly replaced by two other lamellar phases.  
The third lamellar phase observed in this study, by contrast, narrows slightly on increasing 
pressure, indicating that the ordering effect of the increased pressure is able to narrow the lattice 
parameter.    
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Temperature 
(°C) 
Phase Pressurising rate 
(Å/kBar) 
Range 
(kBar) 
Depressurising 
rate (Å/kBar) 
Range 
(kBar) 
15∙0 °C L (1) 0∙45  0∙2-3∙4 -0∙54  0∙0-3∙4 
 L (2) 1∙1  0∙6-2∙2 -1∙7  0∙2-1∙8 
 Crystal lamellar -0∙32  2∙2-3∙4 0∙35  1∙8-3∙4 
17∙0 °C L (1) 0∙50  0∙2-3∙4 -0∙52  0∙0-3∙4 
 L (2) 1∙18    0∙6-2∙2 -1∙52  0∙2-2∙0 
 Crystal lamellar -0∙14  2∙0-3∙4 0∙37  2∙0-3∙4 
24∙1 °C L (1) 0∙34  0∙6-2∙4 -0∙56  0∙4-2∙2 
 L (2) 1∙20† 0∙7-2∙6 -1∙61  0∙6-2∙6 
 Crystal lamellar -0∙15 2∙6-3∙4 0∙18  2∙4-3∙6 
 
Table 6.  Rates of the changes in lattice parameter of lamellar phases in 50% DSPIP in DOPC for pressure 
scans carried out in this study.  The ranges over which these phases persist is shown in brackets.  † the last 
data point is not included in this rate, as the change in d-spacing between it and the point at 2,600 Bar is 
3∙62 Å over the 200 Bar gap between 2,600 and 2,800 Bar.  The rate with this point included would be 
2∙83 Å/kBar.   
 
 
 
 
Fig. 109.  Winter et al.132 small- (left) and 
wide-angle (right) diffraction patterns of DOPE at 
excess hydration, under conditions of hydrostatic 
pressure. 
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 The second assertion is that a more plausible argument for the observation of mixed 
lamellar phases in the 50% DSPIP in DOPC system is that this may be taken to be the result of 
varying hydration and/or a varying ability to hydrate within the sample.  Depth analyses on the 
sample were not available and thus the variation between different parts of the samples is 
unknown.  However, the formation of the lamellar phase under restricted hydration can be 
expected to give a smaller d-spacing than under greater or excess hydration, once the barrier to 
formation of the lamellar phase presented by low hydration is over come.  If the hydration is 
inconsistent within the sample, areas of greater hydration would be expected to give a lamellar 
phase of larger d-spacing than that of areas with lower hydration, as they are to take in more 
water.  Initially this seems at odds with the observation of just two lamellar phases (albeit of 
differing intensities and d-spacings), however if we apply the principle that lower-volume 
intermediates and end-point structures will be favoured under increasing pressures, lamellar 
phases of a wide variety of d-spacings seems unlikely.  At the very least, the upper end of 
possibilities is restricted.  This possibility is further supported by the broad signal for the crystal 
lamellar phase when that phase is forming (pressurising direction), and when it is deforming 
(depressurising direction), suggesting that there is a (small) range of lattice parameters of the 
crystal phase at this point or at least two close signals that cannot be deconvoluted.   
The plots of intensity of the phases observed in the pressure scan of this system at this 
temperature (15∙0 °C, Graph 30, pressurising half; Graph 32, depressurising half of the scan) are a 
contrast to those of the 2% system.  In the two plots of the change in pressure in this scan, the 
intensity of the crystal lamellar phase is clearly dominant over any of the other phases for the 
range over which it is present.  In the pressurising half, the intensity of the crystal lamellar phase 
in contrast to the L(1) and L(2) in which it increases.  As the lattice parameter of the third 
lamellar phase is already significantly higher than at least two other lamellar phases, and this 
phase is observed under much more strongly ordering conditions, this is assigned as a crystal 
lamellar phase has a sigmoid-shaped relationship as a function of pressure (Graph 30), which is 
not matched in the depressurising half of the scan (Graph 32) as the peak is reached at about 
2,500 Bar after which it declines sharply.  What is also clear is that the same inversely 
proportional relationship between the inverse hexagonal and the L(1) phase that was evident in 
the 2% system exists here too.    
Despite the phase behaviour observed in this scan (50% DSPIP in DOPC, 15 °C) being 
somewhat at odds with the temperature scans described above on the same system, further scans 
were run in order to probe this system further—and even reconcile it with the temperature scans, 
pressure scans were carried out at higher temperatures, one at 17∙0 °C (Graph 29, pressurising 
half of the scan; Graph 31, depressurising half) and one at 24∙1 °C (Graph 33, pressurising half of 
the scan; Graph 35, depressurising half).   
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Fig. 110.  Pressurising scan of 50% DSPIP in DOPC at 17∙0 °C.  Phase assignments are marked, along with 
x,y intensity plots of individual frames showing (top to bottom) crystal lamellar, [mixed] lamellar, mixed 
lamellar/inverse hexagonal mixture, and tilted gel lamellar/inverse hexagonal phases.  On these plots, the y 
axis represents intensity (arbitrary units) and the x axis represents 1/d-spacing (Å-1).   
 
 
 
 
 
Graph 29.  Pressurising scan of 50% DSPIP in DOPC at 
17∙0 °C.  Evidence for three lamellar phases and one 
inverse hexagonal phase, as well as a short range 
(~300 Bar) over which a phase was observed with only 
one ‘shoulder’ reflection.   
 
 
Graph 30.  The intensity of signals of phases 
observed in 50% DSPIP in DOPC at 
17∙0 °C over a pressure scan 1  3,400 Bar.  
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Fig. 111.  Depressurising scan of 50% DSPIP in DOPC at 17∙0 °C.  Phase assignments are marked, along 
with x,y intensity plots of individual frames showing (top to bottom) crystal lamellar, mixed lamellar, mixed 
lamellar/inverse hexagonal mixture, and tilted gel/inverse hexagonal phases.  On these plots, the y axis 
represents intensity (arbitrary units) and the x axis represents 1/d-spacing (Å-1).   
  
 
 
 
 
 
 
Graph 31.  Decreasing pressure scan of 50% DSPIP in 
DOPC at 17∙0 °C.  Evidence for three lamellar phases 
and one inverse hexagonal phase, as well as a short 
range (~200 Bar) over which a phase was observed with 
only one ‘shoulder’ reflection.  The lattice parameter for 
the L(1) phase at 2,000 Bar was obscured, and so no 
data point is recorded for it. 
 
 
Graph 32.  The intensity of signals of phases 
observed in 50% DSPIP in DOPC at 17∙0 °C 
over a pressure scan  3,400  1 Bar.  
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1/d-spacing (Å) 
Fig. 112.  50% DSPIP in DOPC at 1,500 Bar and  17 °C.  Arrows indicate the placement of the ‘shoulder’ 
reflection, with other reflections marked as appropriate.   
 
 
 
1/d-spacing (Å) 
Fig. 113.  Magnification of an image of 50% DSPIP in DOPC at 1,500 Bar and  17 °C.  Arrows indicate 
the placement of the ‘shoulder’ reflection.   
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 (x) 50% DSPIP in DOPC – pressure scan at 17∙0 °C 
 
The pressure scan at 17∙0 °C revealed surprising differences in the phase behaviour 
compared with that of the 15∙0 °C scan.  First, there is evidence for a range of 200 Bar in which 
all four phases are extant (2,000-2,200 Bar, Graph 29 in the decreasing pressure scan, this is less 
clear as the gel lamellar signal may be obscured as 2,000 Bar).  Despite this seemingly high 
number, applying the Gibb‘s phase rule, it appears that the number of allowed phases is the same 
as for the 2% system (discussed above), i.e. based upon a three component system (two lipids and 
water) with one degree of freedom (pressure) up to four phases are allowed.  However, this does 
not exclude the possibility that the system is not at equilibrium.  Indeed, if the short-lived 
‗shoulder‘ observed (Fig. 112 and Fig. 113) is taken as evidence of a ‗fifth phase‘ (it is 
demonstrably not a reflection of any other phase) it is clear that the system cannot at equilibrium 
under these conditions, and that (at least) longer equilibration times are required in order to 
observe this system at equilibrium.   
The L(1) phase appears no later than 200 Bar in the pressurising half of the scan, and apart 
from one (overlapping) point in the depressurising half of the scan (at 2,000 Bar) it remains 
throughout.  Once again, the lattice spacing for this phase increases with increasing pressure, 
from 60∙6 (200 Bar) to 62∙2 Å (3,400 Bar) and down to 60∙45 Å at atmospheric pressure on the 
depressurising half of the scan.  Rates of the change in lattice parameter for this scan are shown 
in Table 6 (page 360).  The differing trends observed for the L(2) and crystal lamellar phases 
observed in the 15∙0 °C scan are also replicated here, with the ordering effect of pressure 
widening and narrowing the d-spacing in L(2) and crystal lamellar respectively.  The trend of 
increasing-then-decreasing of lattice parameters in the inverse hexagonal phase is also evident 
here, with peaks of the largest lattice parameters are 74∙9 Å (75∙0 Å) being at 2,200 Bar 
(1,800 Bar) in the pressurising (depressurising) half of the scan, Graph 29 (Graph 31).  
Additionally in this scan, there is a short range (1,400-1,800 Bar) over which there is evidence for 
a phase with a lattice spacing of around 70∙0 Å.  This also appears in the depressurising half of 
the scan, though in both cases the evidence for the phase is a single shoulder on the inverse 
hexagonal first order signal and thus is not readily identifiable.  This observation is analogous to 
that phase observed in the temperature scans of 2% DSPIP that suggests the possibility of an Ia3d 
phase.  
The intensity plots of the 17∙0 °C scan (Graph 34, pressurising half; Graph 36, depressurising 
half of the scan) were also revealing.  The relationship between the untilted gel lamellar and 
hexagonal phases is similar to that of the previous scan, as is the variation of the intensity of the 
tilted gel lamellar phase and its relationship to the other two.  The relatively high intensity of the 
crystal lamellar phase is also evident, though in this scan, the depressurising half produces 
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Fig. 114.  Pressurising scan of 50% DSPIP in DOPC at 24∙0 °C.  Phase assignments are marked, along with 
x,y intensity plots of individual frames showing (top to bottom) crystal lamellar, mixed lamellar, mixed 
lamellar/inverse hexagonal mixture, and inverse hexagonal phases.  On these plots, the y axis represents 
intensity (arbitrary units) and the x axis represents 1/d-spacing (Å-1).   
 
 
 
 
 
Graph 33.  Increasing pressure scan of 50% 
DSPIP in DOPC at 24∙0 °C.  Evidence for four 
phases, including at least two lamellar phases and 
one inverse hexagonal phase, as well as a short 
range (~300 Bar) over which a phase was 
observed with only one ‘shoulder’ Bragg 
diffraction.   
 
 
Graph 34.  The intensity of signals of phases 
observed in 50% DSPIP in DOPC at 24∙0 °C 
over a pressure scan 1  3,400 Bar.   
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evidence of a sigmoid-shaped relationship where the pressurising half does not.  Again here, it 
appears that all other phases are all but extinguished before the formation (or by the formation) 
of the crystal lamellar phase.   
 
 
(xi) 50% DSPIP in DOPC – pressure scan at 24∙1 °C 
 
The 24∙1 °C pressure scan (Graph 33, pressurising half of scan; Graph 35, pressure decreasing 
half) shows the same four phases as well as the shoulder observed in the 17∙0 °C scan, including 
the inhomogeneity associated with the lamellar phase behaviour.  Despite decreasing with a 
linear increase in pressure within the same half of the scan is also evident here for the inverse 
hexagonal phase.  The peaks of widest d-spacing are at higher pressures, being 2,600 Bar 
(2,200 Bar) with a measured lattice parameter of 75∙2 Å (73∙5 Å) in the pressurising 
(depressurising) half of the scan.  The rate of increase (decrease) in the pressurising 
(depressurising) half of the scan is 7∙3 Å/kBar (8∙1Å/kBar), where the rate of decrease (increase) 
in that half of the scan is 6∙9 Å/kBar (3∙7 Å/kBar).   
As in previous scans phases L(1) and L(2) appear first, both with little change in d-spacing 
across the range.  Despite this similarity, there is no range of complete overlap between the four 
identifiable phases in this scan.  The previously-observed trend of changes in lattice parameter i.e. 
increasing (Table 6, page 360), however in the pressure increasing scan, the L(1) phase shows a 
sharp increase in d-spacing just before its disappearance, which is just after the point at which the 
L(2) phase disappears.  In contrast to the two previous scans, the L(1) phase does not exist over 
the majority of the range of the full scan, but appears to be unstable at high pressures.  This 
suggests that the disordering effect of the increased temperature disfavours this phase.   
Just before the disappearance of the L(1) phase the same shoulder as observed at 17∙0 °C 
was visible here, and over a larger range (1,600-2,400 Bar, approximately twice as long as for the 
previous scan), though with a slightly lowered d-spacing (~1 Å).  This suggests that the 
disordering effect of increasing the temperature is related to a reduction in the lattice parameter, 
further suggesting that the hydrocarbon fraction of the phase to which it relates is fluid.  
Increased heating of a fluid hydrocarbon fraction gives rise to even greater disorder, 
characterised by statistically greater lateral movement if the polymethylene chains leading to an 
almost random placement of the terminal methyl group, which is arguably a well-defined lattice 
point in the crystal lamellar phase.  This ordering effect necessarily shortens the d-spacing, thus 
narrowing the lattice parameter.  As this fluid phase appears at higher pressures than at least two 
lamellar phases, and would be less ordered than them, the assignment of the fluid lamellar phase 
for it can be ruled out as unphysical.  This points towards a curved phase, possibly one that  
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Fig. 115.  Depressurising scan of 50% DSPIP in DOPC at 24∙1 °C.  Phase assignments are marked, along 
with x,y intensity plots of individual frames showing (top to bottom) crystal lamellar, mixed lamellar, mixed 
lamellar/inverse hexagonal mixture, and inverse hexagonal phases.  On these plots, the y axis represents 
intensity (arbituary units) and the x axis represents 1/d-spacing (Å-1).   
 
 
 
 
 
Graph 35.  Decreasing pressure scan of 50% 
DSPIP in DOPC at 24∙1 °C.  Evidence for four 
phases, including at least two lamellar phases and 
one inverse hexagonal phase, as well as a short 
range (~200 Bar) over which a phase was 
observed with only one ‘shoulder’ Bragg 
diffraction.   
 
 
Graph 36.  The intensity of signals of phases 
observed in 50% DSPIP in DOPC at 24∙1 °C 
over a pressure scan  3,400  1 Bar.  
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bridges the transition between inverse hexagonal and L(1)/L(2) respectively.  The evidence from 
the data points on the temperature scan of these scans would suggest inverse curvature in this 
phase in agreement with the 17 °C scan, however the lattice parameters measured are too 
unreliable to be definitive.   
The point at which the shoulder and of the L(1) phase disappear is just before the point at 
which the lattice parameter of the hexagonal phase starts to fall despite increasing pressure.  This 
suggests a number of possible orders of the sequence of phase transitions.  Applying the 
assumption that the shoulder represents a curved phase allows speculation that although the 
hexagonal phase undergoes a transition to produce a gel or fluid lamellar phase, other direct 
transitions i.e. without intermediate phases, involving the inverse hexagonal phase may not be 
possible.  The alternative is that such transitions proceed via a cubic phase, such as the Ia3d 
observed in the 2% DSPIP study.  What is clear is that in this scan and the previous one, this 
curved phase exists (at least briefly) just before the lattice parameter of the inverse hexagonal 
phase starts to fall, despite a linear increase in pressure. 
As in previous scans, the lattice parameter of the last lamellar phase to appear, the crystal 
lamellar, alters both less than L(1) and L(2), and in the opposite direction to them (rates shown 
in Table 6, page 360).  The crystal lamellar phase exists over a narrower pressure range in this scan 
when compared to the previous scan.  This suggests that this phase is well-ordered, as the 
disordering effect of increasing temperature undermines its stability, and thus it is assigned as 
crystal lamellar.  The behaviour of the L(1) and L(2) phases is the same as previous scans.   
The intensity plots of the phases in this system (Graph 34, pressurising half; Graph 36, 
depressurising half of the scan) are perhaps more revealing than for intensity plots of pressure 
scans of this system at 15∙0 and 17∙0 °C.  Additional data points were collected, as well as pairs 
of data points representing differing equilibration times.  These repeated points are at 800 Bar, 
1,000 Bar and 2,600 Bar and all demonstrate that although the phases observed are the same, the 
intensities are significantly different.  This strongly suggests that the system is not at equilibrium 
as the difference between them was the time between exposures.  Despite this, a similar 
relationship between the intensities of the phases when compared to previous scans is observed.  
The exception is the increased intensity of the inverse hexagonal phase, which at atmospheric 
pressure at this temperature is as high as the crystal lamellar phase at the highest pressures, and 
so it twice as intense as in the pressure scans at cooler temperatures.   
 
(xii) 50% DSPIP in DOPC – Summary 
 
In summary, the 50% DSPIP system exhibits a different variety of polymorphic phases than 
the 2% system, with evidence for at least three lamellar phases, a dominant inverse hexagonal  
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phase and possibly a second curved phase.  However, this is partly dues to inhomogeneity of the 
sample.  In order to have a more conclusive proof of the identity of these phases, wide-angle 
x-ray data in pressure scans is required as a reliable method of distinguishing between differing 
types of lamellar phase.  The apparent non-linear relationship between the d-spacing and pressure 
in the inverse hexagonal phase is analogous to that observed of the Ia3d phase in the 2% DSPIP 
system and requires further explanation (see below). 
 
 
(xiii) Conclusions 
 
General points 
The results of these studies suggest that DSPIP is undoubtedly consistent with the 
characteristics of a type II lipid, i.e. one that is characterised by the formation of phases with 
negative curvature.  Moreover, this is at least partly concentration-dependant as higher 
concentrations of DSPIP produce more sharply curved phases than smaller proportions do 
(based on the compositions examined here).  Pressure scans have been used to clarify this in 
order to avoid a significant energetic change in the system.  Pressurising systems that comprise 
DSPIP give rise to a decrease in the fluidity of the hydrocarbon fraction that is consistent with 
increased lateral order and reduced curvature, leading to an increased d-spacing.  This is the 
opposite effect to that observed when the temperature is increased (discussed above).  Although 
there are some parallels between higher pressure and lower temperature conditions and a given 
lipid‘s behaviour, some significant departures are also observed.   
 
The appearance of cubic phase(s) 
The appearance of at least one cubic phase in systems composed of DSPIP and DOPC is 
perhaps surprising as the fatty acid residues in the hydrocarbon fraction are relatively long for 
this phenomenon.  Shearman et al.134 report that the formation of cubic phases is increasingly 
disfavoured energetically on extending the chain above twelve carbons atoms (eleven methylene 
moieties, the last of which has an additional proton, making that the terminal methyl group).  
This phenomenon of reduced propensity for the formation of cubic phases in systems comprising 
longer chain lengths is ascribed to the relative thermodynamic disorder beyond the 10th or 11th 
carbon atom134 which compromises the polymethylene chains‘ ability to pack in a manner 
sympathetic to the formation of cubic phases.  It appears that the structurally-ordering influence 
of applied hydrostatic pressure is sufficient to pack the hydrocarbon fraction, at least of part of 
the lipid fraction, such that an inverse Ia3d phase may be formed.  There is some scope for a  
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combination of these hypotheses with the formation of spheroid domains reported by Conn et al. 
amongst others192,359, however the cubic phase observed in this study is not a swollen one.  
Additionally, increased pressure forces polymethylene chains to pack more closely together, 
reducing the ability to fill voids129.  This compromises the ability of the system to form an 
hexagonal phase as the need to fill hydrocarbon voids is a crucial aspect of forming the 
hexagonal aggregations, with the lipid molecules in the ‗corners‘ of the hexagons being forced to 
stretch relative to their counterparts, in order for the system to contain no such voids.  Several 
sources report that longer chains (C18 rather than C10 or C12) suppress cubic phases all together, 
with a complete absence of cubic phases in many systems containing only C18 fatty acid 
residues129,342.  The results in this set of studies contradict this quite directly.   
 
The behaviour of curved phases under pressure 
The effect of higher pressure on the d-spacing in the inverse hexagonal phase does not show 
a linear relationship.  The widest spacings are reached at a pressure dependant point (1,400-
2,400 Bar in the study of 50% DSPIP, within pressure scans at temperatures ranging from 15-
24 °C), after a significant increase from those at atmospheric pressure.  A similar characteristic is 
observed in the Ia3d phase in the 2% DSPIP system, though less clearly at lower temperatures.  
One possible explanation is that in the favouring of low-volume structures that occurs on 
increasing the pressure, water is ejected from the central core of the cylinders (hexagonal phase) 
or tubular network (Ia3d phase), with a clear reduction in d-spacing.  This may invite greater 
head group-to-head group interaction.  If this mechanism does occur to these curved phases in a 
pressure-dependant way, this must necessarily outweigh the effect of the narrowing of the space-
filling capacity of the hydrocarbon fraction during ‗ordering‘, such that a narrowing in the 
inverse hexagonal phase as a whole is observed above a given pressure.  It is also not 
inconceivable that this reduction in d-spacing is part of the mechanism by which the lipids in 
these phases will re-assemble to form more ordered (i.e. non-fluid) phases.   
 
Evidence for out-of-equilibrium behaviour 
As many as four phases are observed simultaneously in the 2% DSPIP pressure scans 
described here.  Although this may hint that the system is out of equilibrium, despite the Gibb‘s 
phase rule allowing this number of phases, what is at least as likely as this explanation is that 
there are local variations in the concentration of DSPIP; there is more than one report of 
inositide/PC systems demixing226,231,261,263.  This implication observed most clearly in the 
formation of both an Ia3d phase and a lamellar phase simultaneously on pressurising the inverse 
hexagonal phase, in the 2% DSPIP system.  This casts doubt on the assumption that this sample 
was homogenous throughout these experiments because, although the structure factors of the  
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two phases are different, and thus the intensities recorded are not directly comparable, it is clear 
that those of the Ia3d phase are significantly smaller than those of the lamellar phase.  This 
suggests that it comprises only a small proportion of the lipid fraction as one phase possesses 
significant curvature and the other none at all.   
What is more readily conclusive is that if the short-lived ‗shoulder‘ observed in the pressure 
scans taken at higher temperatures of the 50% DSPIP system is taken to indicate another phase, 
this would indicate the presence of five phases simultaneously, which does break the Gibbs‘ 
phase rule and thus does suggest that the 50% DSPIP system is out-of-equilibrium (as well as 
inhomogenous), at least in these scans.   
 
The influence of the aqueous fraction 
The noticeable difference between the observed behaviour of these systems under 
temperature and pressure scanning techniques may be in part ascribed to the differing effect of 
temperature and pressure on the aqueous fraction.  Reported evidence suggests that under 
pressure, the aqueous medium will not solidify at 15 °C until at least 8,000 Bar132.  However, 
evidence from this study suggests that it appears that the aqueous medium used here freezes at 
between 0 and -5 °C at atmospheric pressure.  Therefore, in a pressurised environment, there 
exists a wider range of conditions under which the fluid lamellar phase may be observed, as it 
seems unlikely that the aqueous fraction will freeze in the range used in this study.  Additionally, 
the formation of the crystal lamellar phase under these conditions suggests that the phase 
transition is not dependent entirely on hydration of the system, as the transition to crystal 
lamellar occurs well below the pressure at which the aqueous medium freezes.   
 
Final concluding remarks 
Inevitably, although several aspects of the behaviour of DSPIP have been identified and 
demonstrated—the number and the (basic) identity of phases that can be formed, being at least 
three lamellar phases when DSPIP is mixed with DOPC, as well as strong evidence for an 
overwhelming desire for inverse (negative) curvature over a wide temperature and pressure 
range, exemplified by two phases with negative curvature (inverse hexagonal and inverse Ia3d 
phases)—further questions remain.  What is yet to be answered is where the lower limit of the 
influence of DSPIP on DOPC is, as well as how much DOPC is required to break up the 
micellar formation observed in 100% DSPIP (Fig. 67, page 302).  Additionally, what differences 
there may be with unsaturated analogues of DSPIP, as well as conditions comprising non-
physiological pH, or high salt concentration, chemotropic agents, or a combination of these.  
Hydration studies may also produce results that characterise this lipid more precisely, and may 
even indicate the role of charge in the phase behaviour of these lipids.  Despite the evidence that  
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the systems in this study are not at equilibrium, the phases observed all cover a range of pressures 
and temperatures with only the exception of the shoulder observed in the 50% DSPIP sample.  
This suggests that although the placement of the boundaries between phases may be different for 
these systems at the equilibrium, the identity of the phases is unlikely to be different from those 
discussed here.   
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Graph 37.  Activity assay of SopB assessed by fluorescence with ortho-methylfluorsceine phosphate 
(OMFP).  F.U. are arbituary units of fluorescence.  Incubation conditions: OMFP concentration 
500 mM, 4 mM Mg++, 200 mM tris base, pH 7∙4, 20 °C.  Curves shown indicate 0 (O points), 2 (+ 
points) and 4 ug (X points) SopB.  Assay points represent the average of quadruplicate sampling.  
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Chapter 13 – Enzymology: Do differently-unsaturated PI-4-Ps 
demonstrate different rates of hydrolysis with 
phosphatase SopB? 
 
This chapter describes the demonstration of the kinetic parameters of SopB with the 
enantiomerically pure PI-4-Ps produced in the research described in previous chapters.  The 
enzyme SopB was first isolated, cloned and sequenced some time ago287,360, with the resulting 
GST-containing plasmid used for preparing the supply of SopB enzyme for this study.  SopB‘s 
mode of action has been established in the last decade and a half by Galyov and others282,361-363, 
however the kinetic fingerprint has not yet been reported.  In order to do this, the enzyme was 
produced, and the activity established (Graph 37) before the assays based on PI-4-P substrate 
concentration were taken.   
The determination of the kinetic parameters of the enzyme with each of these substrates is 
able to indicate whether or not this enzyme is sensitive to fatty acid composition for this class of 
substrate, this is the difference between lipidic substrates.  This examination is carried out in the 
light of previous work described above in which various factors surrounding protein activity may 
be sensitive to fatty acid composition (Chapter 4, page 127).  In keeping with previous studies20,364, 
substrate delivery engineered in the form of micelles has been examined and the data presented 
here covers that.  The second basis for this study was the unpublished data from the Woscholski 
group that suggests SopB is able to catalyse the dephosphorylation of a range of inositide 
substrates, inclusing saturated and unsaturated isomers of PI-4-P22.   
 
 
(i) Enzyme preparation 
 
The phosphatase SopB was prepared using a method originally developed for similar 
proteins365,366.  A sample of plasmids containing genes for GST-tagged SopB, for isopropyl-β-D-1-
thiogalactopyranoside (IPTG) induction of protein synthesis and for ampicillin resistance were 
spliced into the genome of a combatant E. Coli XL1 using the heat-shock method.  The resulting 
modified bacteria were then grown under ampicillin-containing incubating conditions.  After 
bacterial lysis the protein was isolated.   The emergence of the desired GST-tagged protein was 
assessed via Bradford-stain assay (absorbance at 595 nm).  In order to ensure storage of the 
enzyme under neutral conditions, a range of concentrations of tris base buffer (Solution 19, page 
399) were tested, showing that 200 mM tris base was sufficient to maintain a pH of 7∙4 over the 
storage life time of the enzyme.  Initial elution buffers proved too acidic, showing a high activity 
immediately after protein isolation but activity suffered a sharp drop to zero in around 24 h.   
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Fig. 116.  Gel electrophoresis of purified, GST-tagged SopB (left) and Western blot of the same gel (right).  
Molecular weight reference (R) is shown on the left side, abscissa scale in kDa.  Four separate batches of 
SopB (numbered1-4) shown.  Gel electrophoresis chromatograph stained with Coumassie blue.  The mass of 
the GST tag is 26 kDa with the desired protein at 76 kDa.   
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Thorough concentration of the enzyme after isolation (to <1 mL, giving a final concentration of 
1 µg/5 µL) and use of glycerol instead of ethylene glycol proved effective in maintaining 
consistent enzyme activity for at least a week.   
The protein produced was examined by gel electrophoresis and then by Western blot (both 
shown in Fig. 116) in order to verify that the phosphatase produced was the desired one.  Gel 
electrophoresis was completed using a vertical BioRad GE kit.  The left hand lane of the gel is 
the commercially-available reference (Bioline, 15-100 kDa coloured reference for gel 
electrophoresis).  The gel was run for one hour with a current of 180 V and 200 mA after which 
time it was stained with Coumassie blue, and washed in distilled water (16 h).  An example is 
shown in Fig. 116.   
The Western blot technique was used to confirm the relative size of the protein and the 
presence of the glutathione-S-transferase (GST) tag and thus offers insight beyond that in gel 
electrophoresis.  The separated proteins were transferred from the gel medium onto a nitrocellulose 
membrane before being probed by anti-bodies specific to the GST-tag.  Thus in this experiment, the 
object is to identify the presence of a GST tag in the system.  The enzyme preparation and 
purification is judged as sucessful if only the desired protein (~76 kDa in Fig. 116) and the free GST 
tag are visible.  Clearly a minimum of the latter is desirable, however the presence of it does not 
suggest the presence of undesired proteins.   
The Western blot of the gel shown in Fig. 116 clearly shows the four batches of SopB are all 
GST-tagged.  The reference lane is untagged and is thus invisible with this spectroscopic method. 
The presence of GST-tagged protein of the desired size (76 kDa) is therefore confirmed, and thus the 
enzymological study of SopB was commenced. 
 
 
(ii) Background data, Activity Assay Development and Phytic Acid 
 
Base-line phosphate levels were determined for all phosphate-containing substrates, except 
OMFP as the concentration of phosphate ions is not measured in these assays.  Background levels of 
phosphate in the substrate samples were assessed in order to determine the influence this may have 
(if any) on the detection of phosphate ions released by enzymatic activity.  In particular, the purity 
of the synthetically prepared lipids (Chapter 8, page 179) for phosphatase assay activity, beyond that 
determined by NMR spectroscopy, was examined.  Samples of DSPIP, SOPIP and SGPIP were 
assayed without a phosphatase using Malachite Green Phosphate Indicator Solution (MGPIS) in 
order to determine base-line levels of phosphate(s) present (Graph 38).  The stock MGPIS was itself 
calibrated from KH2PO4 (Graph 39, and in experimental chapter, page 401).  0-300 µM solutions of 
lipids were employed, remaining both within the linear range of the stock MGPIS used (OD of 0-1∙0 
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Graph 38.  Background phosphate detection assays.  Malachite green was used as 
the organic indicator in a solution (Malachite Green Phosphate Indicating 
Solution, MGPIS)  to determine the phosphate concentration using an ELISA 
plate reader.  Relationship shown is proportional to concentration and relatively 
low optical density (OD).  Optical density shown is the same as used on all 
MGPISassays in this research, and even at high concentrations is below 20% of the 
linear range of the dye.  [S] = concentration of PI-4-P substrate. 
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Graph 39.  Calibration of MGPIS dye stock showing a roughly-linear 
relationship between concentration of potassium phosphate and optical 
density.  Error taken to be +/- 1∙91% with respect to concentration.  Assay 
carried out at 25 °C, triplicate.  Details in the experimental section, page 
401.    
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arbitrary units over which range the concentration/absorption had a linear relationship) but also 
at an assay-tolerable and linear relationship between concentration of phosphate(s) and 
concentration of lipid.  This can be ascribed both to the level of free phosphate (background 
phosphate) and to the strongly acidic nature of the dye solution.  The addition of MGPIS is in 
effect the addition of a 2 M solution of hydrochloric acid and thus acid hydrolysis of the lipid‘s 
phosphate mono- and possibly di-esters was predictable, adding to the background free phosphate 
level.  Both factors are germane for assay solutions.  However the phosphate present from all 
sources showed an absorbance increase of less than 50% of that of the base-line level for the 
indicator used (MGPIS has a non-zero absorbance at 625 nm).  Thus base-line phosphate was 
thus found to be of sufficiently low level not to undermine the results of phosphatase assays.  A 
similarly tolerable level was also demonstrated for phytic acid stock though not for commercially 
available inositol-1-phosphate.  Thus the former was used but the latter, not.  
The hydrolysis of OMFP is followed not by the phosphate concentration but the change 
fluorescence (absorbance 585 nm, emission 625 nm) of the fluorosceine.  OMFP is used as a 
substrate in order to assess the enzymatic activity of proteins prepared according to the 
conditions described below (Experimental, page 405) and thus forms a crucial part of the activity 
assay.  If a doubling of [E] gives a doubling of activity, the sample of enzyme is judged as sound 
(e.g. Graph 37).  The optimum tris base concentration for assays in this study, including the 
activity assay, was found to be approximately 200 mM.  This concentration of tris base avoids 
diminishing the enzyme activity that is observed with higher concentrations (>300 mM) but also 
ensures that the system is properly buffered at pH 7∙4; lower concentrations of tris base may be 
overwhelmed at higher concentrations of substrate or enzyme and thus not buffer correctly.  The 
optimum concentrations of detergent (OGPS) and of magnesium ions were also determined 
(Graph 40 and Graph 41, respectively), described below.  Magnesium ions were known to be a 
requirement for catalytic activity in SopB (Woscholski et al., unpublished results22) and were also 
found to influence activity in this study.  Graph 41 shows the activity with Mg++ concentrations in 
the range 0-12 mM.  As there appears to be little increase in activity above 4 mM, this 
concentration was used in all assays (Experimental section, page 403).   
In order to prepare the PI-4-P substrates for delivery inot SopB-based assays, a detergent was 
required.  At suitably low concentrations, this leads to the formation of micelles that includes the 
PI-4-P.  In order to do this, all three lipid substrates were freeze-thawed (-20 °C to room 
temperature) and sonicated repeatedly in solution with dissolved stock n-octyl-β-D-
glucopyranoside (OGPS) detergent to produce the  micellar lipid delivery units and a final assay 
concentration of 0∙25% w/v.  This is for two reasons.  First, it ensures the formation of micelles 
of the lipid with the detergent and gives a delivery system consistent with other studies20,22,367.   
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Graph 40.  The effect of OGPS concentration on 
The ability of SopB to dephosphorylate DSPIP.  
Incubation conditions: 20 min @ 37 °C with 
4 mM Mg++, 200 mM tris base.  Samples in 
triplicate, controls in duplicate.  Controls were 
carried out by incubation of substrate with Mg++ 
and tris base.  Enzyme added to controls moments 
after addition of MGPIS was added to all assay 
points.  +/- S.E.  OGPS stock assayed for 
background phosphate/phosphate activity 
separately.   
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Graph 41.  Timed activity assay of SopB on 
OMFP with measured exposure to 
magnesium ions (0-12 mM).  The latter is 
known to be a co-factor for this enzyme’s 
activity22.  Experimental details on page 403.   
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Second, the optimum concentration of OGPS was found to be a final (assay) concentration of 
0∙25% (roughly-linear gradient of 0∙20 µg/uOD, Graph 40), which is also the minimum 
concentration for the formation of micelles in aqueous solution, known as the critical micelle 
concentration (CMC)368.  Below this concentration micelles are not formed.  Additionally, 
activity is lower (Graph 40).  Although a palpable level of activity is recorded without OGPS 
(0∙0%, Graph 40), concentrations above the CMC also appear to give lower activity (i.e. 0∙5%, 
non-linear over-all gradient of 0∙013 µg/uOD).  This suggests that at too high a concentration, 
the detergent has an inhibiting effect on the enzyme‘s activity, where at too low a concentration, 
one or a combination of (a) the lipid not being presented to the enzyme and (b) inhibiting 
interaction between free detergent molecules and the enzyme, causing the lowered activity 
observed at concentrations other than the minimum required to form micelles (CMC).  Where 
no detergent is present, the lipids are presented as a function of their own concentration i.e. at, 
above or below their own CMC.  Use of detergent OGPS at its CMC partly suppresses this 
variation. 
 
 
(iii) Assay Development and Kinetic Data of SopB with synthetic PI-4-Ps 
 
In order to assess the substrate concentration [S] that represents half that required to reach the 
theoretical maximum (Vmax), vis. KM, a range of substrate concentrations of the PI-4-Ps was assayed 
repeatedly.  In order to produce a physiologically reasonable comparison, an incubation time of 20 
minutes at 37 °C was used.  4 mM magnesium ions was used as discussed above (Graph 41).  The 
optical density of conjugate control data points were recorded in duplicate, assay points in triplicate, 
with inclubation of the substrate (in order to account for hydrolysis under assay conditions) and other 
elements but with the enzyme added immediately after incubation followed presently by addition of the 
MGPIS.  The optical density (OD) was determined using an Enzyme-Linked Immunosorbent Assay 
(ELISA) plate reader with absorption at 625 nm, in keeping with the calibration (Graph 39).   
In order to provide a comparison with previously-tested substrates and with a common inositol 
phosphate, the hexa-sodium salt of phytic acid (also known as IP6, stock solution adjusted to pH 
7∙4) was assayed.  Phytic acid is now known to be found widely in plant, yeast and animal 
systems369-371.  Despite expectations and literature precedent372, no activity could be demonstrated 
with this substrate, even with very high quantites of the enzyme (20 µg/well).  This is at odds 
with mammalian cell systems that have been used to demonstrate the removal of phytic acid 
after transfection with SopB (this topic has been reviewed in some depth373).   
Other than previous (unpublished) work in in the Woscholski laboratory22, there appears to 
be no available reference to the kinetics of the SopB enzyme.  In order to understand and 
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Graph 42.  Km/Vmax assay from two triplicate assays 
of DSPIP with SopB.  Data generated from assay 
points n = 6.    
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Graph 43.  Km/Vmax assay from three triplicate 
assays of SOPIP with SopB. Data generated from 
assay points n = 9.    
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Graph 44.  Km/Vmax assay from two triplicate assays 
of SGPIP with SopB.  Data generated from assay 
points n = 6.   
The green inserted graphs in those shown above is the reciprocal plots in which linearity of the data is observed for idealised enzyme kinetics in which no inhibition or co-
factor dependence is observed.  Where product inhibition occurs, the reciprocal plot shows a decrease at low values of 1/[S] before increasingto a level of 1/OD some way 
above this.  This is arguably the case in which the substrate is DSPIP.   
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demonstrate any difference between substrates, a kinetic basis must be established, viz. the 
highest activity the enzyme may have (Vmax), and the concentration required to reach this velocity 
(KM).  In order to build the plots of activity as a function of [S] that are used for determining the 
kinetics of an enzyme‘s catalytic function374, a range of [S] were used.  The range was adjusted 
such that the intitial rate (the fastest velocity of the enzyme‘s catalytic action) is recorded as well 
as those that gave values nearer the Vmax activity level.  Several repeats were conducted in order 
to reduce the error margins and thus increase accuracy.  In order to assess the KM and Vmax and 
the associated error margins for each substrate, two methods for calculating these values present 
themselves.  First, a mean value of the data points for each [S] for each lipid may be taken, with 
an associated error of values for the lipids of the standard error of the standard deviation of the 
data points in each assay.  The KM and Vmax are then calculated from a graph fitting programme 
(GraFit ©).  The data for this method is presented in Graph 42 (DSPIP), Graph 43 (SOPIP), and 
Graph 44 (SGPIP).  Second, the data points for taken as sets (six where n = 6, nine where n = 9) 
of the whole spectrum (0-192 µM) are plotted (using GraFit ©), KM and Vmax values for each are 
taken.  This gives a quantitative values for the KM and Vmax but no single graph.  The resulting 
calculations from the two methods are compared graphically in Graph 45 (KM) and Graph 46 
(Vmax).  Table 7 shows the final KM and Vmax and associated error from both calculations.   
All three lipids showed the greatest increase in activity between 0-90 µM [S], in each case an 
(increasing) rectangular hyperbolic relationship (Graph 42 (DSPIP), Graph 43 (SOPIP), Graph 44 
(SGPIP)).  Above this point there is no clearly-visible increase in activity, suggesting the [S] gives 
rise to activity that is close to the Vmax value of this substrate, on this time scale.  The optical 
densities reached (i.e. near Vmax) vary between lipid substrates.  The saturated DSPIP, and singly-
unsatruated SOPIP have similar peaks in activity (i.e. the experimental near-Vmax value recorded), 
with an optical density of 0∙7-0∙73 arbituary units (au), where that of triply-unsaturated SGPIP is 
significantly lower at 0∙49 au.  Additionally, the point of highest activity is reached at a relatively 
lower substrate concentration in the case of SOPIP, at around 60 µM, with DSPIP and SGPIP 
reaching the points of highest activity at substrate concentrations of around 100 µM.   
 
 
(iv) Conclusions 
 
Enzyme activity assays (OMFP substrate, Graph 37) showed a clear relationship between 
activity and [E].  A two-fold increase in enzyme concentration shows a proportional increase in 
activity, suggesting that this unnatural substrate is able to provide useful indicative data on this 
enzyme‘s activity. 
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 Method 1 Method 2 
 Km 
 
Error Vmax Error  Km 
 
Error Vmax Error 
DSPIP (1) 37·816 
 
9∙654 
 
0·716 
 
0·064 
  
39·118 
 
4·772 
 
0·728 
 
0·032 
 
SOPIP (2) 16·089 
 
2·840 
 
0·687 
 
0·028 
  
17·952 
 
1·906 
 
0·709 
 
0·019 
 
SGPIP (3) 20·251 
 
3·311 
 
0·486 
 
0·021 
  
20·367 
 
2·126 
 
0·486 
 
0·013 
 
 
Table 7.  The Km and Vmax values for the three lipids DSPIP (1), SOPIP (2), and SGPIP (3) as calculated 
from mean of n data points (Method 1) and the compound fitting of n single sets of data (Method 2). The 
error for Method 1 is the (√(x2 + y2 +...)/n across the assays completed with n repeats of each assay point 
and is shown in the individual lipid graphs.  The errors shown above for Method 1 are the fitting errors of 
these data.  The error for Method 2 is the standard error of the fitting errors (as calculated by GraFit ©).   
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Graph 45.  The relative KM rates for PI-4-Ps DSPIP (n = 6), SOPIP (n = 9), SGPIP (n = 6), calculated by 
Method 1 (right-hand bar of each pair) and Method 2 (left-hand bar of each pair).   
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Graph 46.  The relative Vmax rates for PI-4-Ps DSPIP (n = 6), SOPIP (n = 9), SGPIP (n = 6) calculated by 
Method 1 (right-hand bar of each pair) and Method 2 (left-hand bar of each pair).   
Samuel Furse - The Synthetic Preparation and Physical Behaviour of Phosphatidylinositol-4-Phosphates  389 
 
The results of the assays in which phytic acid was the substrate in this study are at odds with 
previous studies in which it was found to be a suitable substrate for this enzyme.  In theory this is 
not unreasonable as the myo-inositol ring in phytic acid has six potential sites for hydrolysis. 
Therefore after one hydrolysis it is expected that further hydrolyses may take place on the first 
product (IP5).  The possibility of product inhibition by inositol phosphates resulting from 
hydrolysis of phytic acid in the present study can be ruled out as no activity has been measured 
and thus no product is present to cause inhibition.  Of the factors that may delineate the 
differences between the present and other studies discussed above, the most comprehensive 
appears to be the pH at which the assay is carried out.  Phytases from plant sources appear to 
have higher activity at lower pH, suggesting the rate of hydrolysis mechanism is dependant upon 
the concentration of hydrogen ions370.  Further evidence from studies on known phytases found 
in plants suggest that specialised phytase enzymes may operate fully over a period of the order of 
hours, though measurable activity is seen within the timescale of the current study‘s model for 
assaying (20-30 min)370.  Given the limitations here, the activity with phytic acid was not 
researched further, with a focus on mammalian systems instead.  However, in order to answer 
the questions raised by this result, studies comprising variations in pH and of metal cations are 
required.  Two factors that may explain the absence of activity with this substrate in this study, 
and are as follows.   
First, the phytic acid is, when protonated, stongly acidic and so may be capable of altering 
the pH of the assay in a way not necessarily envisaged by the experimenters of published work.  
In this study a stock solution of phytic acid at pH 7∙4 (NaOH) was prepared.  The possibility of a 
lower pH in other studies may have a measurable effect on the activity of the enzyme not 
observed here.  Anecdotal evidence from this study, by virtue of too acidic a storage solution for 
initial batches of SopB prepared, suggests that under acidic conditions of around pH 4∙0 SopB 
appears to be very active though this activity disappears within 36 h.  Thus on the time scale of 
an activity or substrate specificity assay, assuming storage of this enzyme under neutral 
conditions, increased activity as a result of lower pH brought about by phytic acid in the assay 
may be observed.   
Second, the phytic acid is known to be an excellent chelator of metal cations370,375,376.  This 
may mean that the concentration of free magnesium ions available to the enzyme under assay 
conditions is reduced on addition of the substrate.  It would appear that even a 2∙5 fold increase 
was not sufficient to improve upon this.  As well as preventing the enzyme from binding to its 
co-factor, this chelation could have the effect of making it less able to bind to the enzyme, thus 
suppressing catalysis.  Although the presence of magnesium ions has the effect of increasing 
activity, assays demonstrating the effect of magnesium ions on enzyme activity in this study 
show that even with no magnesium present some activity is observed with another substrate  
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Graph 47.  Km/Vmax plot with highest and lowest 
[S] removed. The inserted plot shows the reciprocal of 
the values for the x and yaxes.   
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Graph 48.  Km/Vmax plot in which teh two 
highest and the lowest [S] were removed.  The 
inserted plot shows the reciprocal of the values for 
the x and yaxes. 
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(Graph 41).  Other studies may have benefited from the presence of a higher concentration of 
magnesium ions, or other ions that have a greater affinity for phytic acid than does magnesium, 
e.g. zinc371.    
Inositide lipid assays showed significant activity in all three cases (Graph 42, Graph 43, Graph 
44, page 386) with kinetic data showing the saturated lipid to have the highest KM with the  
unsaturated examples both similar to one another and at approximately half this value.  This is at 
odds with the trend for the Vmax of the lipids, in which the saturated and singly-unsaturated lipids 
DSPIP and SOPIP respectively show statistically similar values for Vmax.  That of the triply-
unsaturated SGPIP falls some way short of SOPIP and DSPIP, at just below 75% of their 
activity.   
 Arguably there is even a (non-linear) reduction in activity in the case of DSPIP at higher 
substrate concentrations, as increasing the concentration of DSPIP (Graph 42) by a factor of ~2 
from 100 µM causes a drop in activity to approximately 90% of that recorded at [S] = 100 µM.  
These results appear to be statistically significant, as the error margins for the points do not 
overlap.  This would suggest that the KM and Vmax values above (Table 7) for DSPIP under-report 
the true activity of the enzyme with this substrate (DSPIP).  Thus if the higher [S] values are 
removed, a progressive and statistically significant increase in both Km and Vmax is observed 
(Graph 47 and Graph 48, respectively)  The inserted plots in Graph 47 and Graph 48 show the 
reciprocals of the x and y data axes, with the data points in the insert in Graph 48 being closest to 
linearity, suggesting these data produce the closest fit to the rectangular hyperbolic relationship 
between enzyme catalysis and [S].  Similar manipulation of the data for SOPIP and SGPIP 
produces no significant change in Km or Vmax and thus the phenomenon of product inhibition is 
not concluded from the data on those lipids.    
It seems unreasonable to assume that the enzyme‘s activity at [S] above the given level for 
the inositide lipid is inhibited by the release of phosphate ions and so the inhibitory behaviour 
observed is therefore ascribed to slow disengagement of the phosphatidylinositol product.  
However, the clear structural difference between substrates—the unsaturation of the glyceride 
component of the PI-4-Ps—does not therefore appear to be the (only) dominant factor in this 
aspect of the enzyme‘s behaviour as it is the inositide of intermediate unsaturation that shows the  
most exceptional difference from the others.  The initial increase in activity that is dependent 
upon [S] appears to be sharpest for the substrate containing just one olefin bond, SOPIP, 
reaching the highest OD (and thus activity)  at the lowest [S] for the three substrates examined.  
The substrate containing three double bonds, SGPIP, appears to have the lowest of all the 
activities as the optical density of the highest point is around 65% of the other two.   
Thus it would appear that some unsaturation in the glyceride of the PI-4-P substrate is 
beneficial to activity, though above a certain level it becomes a hindering factor – more so than  
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for sub-optimum unsaturation.  It is not clear from these results why this should be, though one 
possible explanation lies in the physical presentation of the lipid to the enzyme, and thus further 
explanation is sought using the understanding gained from biophysical studies (discussed in 
Chapter 15).   
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Chapter 14 – Experimental (Enzymology) 
 
(i) General experimental materials  
 
Chemical reagents were procured from British Drug Houses (BDH), Combichem or Sigma 
Aldrich Ltd.   Consumables were purchased from GE healthcare.  Dyed samples‘ chromotagraphs 
were analysed on a SpectraMAX 340pc.  The fluorimeter used was an XX with a plate reader 
(585 nm absorbtion, 625 nm emission, 5 nm slit).  The Ultra-sonicator used was an XX.  The 
competent bacterium used to produce protein(s) was Escherichia Coli strain XL1 (produced by 
StrataGene Inc).  The SopB-containing plasmid was prepared at the Institute of Animal Health 
by Dr E. E. Galyov362,363.  The batch numbers for various reagents and consumables are given 
where appropriate. 
 
 
(ii) Preparation of Buffers and stock solutions 
 
1.  AEBSF solution (50 mM/L) 
 AEBSF (119.25 mg); 
 Water (double distilled, 10 mL).  
 
Stored at -20 °C.   
 
2. Ampicillin anti-biotic solution 
 Ampicillin 100 mg/mL; 
 Water (double distilled): glycerol, 1 : 1 (v/v). 
 
Stored in 1 mL aliquots after sterile filtration (0∙45 μm) at -20 °C until required. 
 
3. Column washing buffer I 
 Tris base (121∙1 g/mol, 500 mM); 
 Sodium chloride (58∙443 g/mol, 140 mM); 
 Potassium chloride (74∙551 g/mol, 2∙7 mM); 
 DTT (Cleland‘s reagent, 154∙25 g/mol, 1 mM). 
 
pH adjusted to 7∙4.  Stored at 4 °C and used immediately. 
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4.  Column washing buffer II 
 Tris base (121∙1 g/mol, 500 mM); 
 Sodium chloride (58∙443 g/mol, 500 mM); 
 Potassium chloride (74∙551 g/mol, 2∙7 mM); 
 DTT (Cleland‘s reagent, 154∙25 g/mol, 1 mM). 
 
pH adjusted to 7∙4.  Stored at 4 °C and used immediately. 
 
5.  LB Boullion solution 
 LB (25 g/L); 
 Water (distilled, 1 L). 
 
Stored at 4 °C.   
 
6.  IPTG solution (200 mM/L) 
 IPTG (238∙81 g/mol, 239 mg); 
 Water (double distilled, 2∙5 mL). 
 Glycerol (2∙5 mL) 
 
Stored at ≤ -20 °C.   
 
7.  Lysis buffer 
 Tris base (121∙1 g/mol, 500 mM, 60∙55 g/L); 
 EDTA (372∙24 g/mol, 20 mM, 7∙45 g/L); 
 Benzamidine (156∙6 g/mol, 100 mM, 15∙66 g/L); 
 DTT (Cleland‘s reagent, 154∙25 g/mol, 10 mM, 1∙55 g/L); 
 Triton X-100 (10%, v/v); 
 Trypsin inhibitor (Soya bean source, 100 µg/mL). 
 
Stored at 4 °C.  1 mM AEBSF (3∙0 mL, 1 mM) added before use. 
 
8.  Malachite green phosphate indicating solution (MGPIS) 
 Malachite green (oxalic acid salt, 927∙02 g/mol, 2∙3 g/L); 
 Ammonium molybdate (1,235∙86 g/mol, 22∙0 g/L); 
 Bismuth (III) citrate (398∙08 g/mL, 30∙8 g/L); 
 Hydrochloric acid (36∙46 g/mol, 37% in water, 168 mL/L); 
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 Water (double distilled, 832 mL). 
 
Solid components suspended in water and the acid added portion-wise.  The solution 
was stirred for 16 h before being filtered through filter paper.  Calibrated with KH2PO4.  
Stored at room temperature but in the dark.   
 
9.  n-Octyl-β-D-glucopyranoside detergent stock (1% OGPS, Calibochem, Lot D00063128) 
 1 gm n-octyl-β-D-glucopyranoside; 
 997 mL water (double distilled); 
 4 mL tris base (1M, pH 7∙4, to give 400mM tris base).   
 
Stored at 4 °C.  Solution is approx. pH 7∙0.  Mixed by vortex to ensure homogeneity.  
Other concentrations (0∙5%, 2∙0% &c.) were prepared by dilution of the 1% stock with 
400mM tris base, or by higher masses of OGP as appropriate.   
 
10.  n-Octyl-β-D-glucopyranoside detergent stock (2% OGPS, Calibochem, Lot D00063128) 
 2 gm n-octyl-β-D-glucopyranoside; 
 996 mL water (double distilled); 
 4 mL tris base (1M, pH 7∙4, to give 400mM tris base).   
 
Stored at 4 °C.  Solution is approx. pH 7∙0.  Mixed by vortex to ensure homogeneity.   
 
11.  Phenylmethansulfonyl fluoride (PMSF) solution  
 PMSF (435 mg); 
 Ethanol (100%, 12∙5 mL).   
 
Stored at 4 °C. 
 
12.  SDS-PAGE running buffer 
 Tris base (121∙1 g/mol, 250 mM, 30∙3 g/L); 
 Glycine (75∙07 g/mol, 526 mM, 144∙0 g/L); 
 SDS (288∙38 g/mol, 35 mM, 10∙0 g/L); 
 Water (double distilled). 
 
Stored at room temperature. 
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13.  SDS-PAGE loading buffer – 6%, per 2 × gel 
 Water (double distilled, 10∙6 mL); 
 30% acrylamide (4∙0 mL); 
 Tris base (5∙0 mL, 1∙5 M, pH 8∙8); 
 10% SDS (200 μL); 
 10% APS (200 μL); 
 TEMED (16 μL). 
 
Mixed and used immediately.  APS and TEMED added last 
 
14.  SDS-PAGE loading buffer – 8%, per 2 × gel 
 Water (double distilled, 9∙3 mL); 
 30% acrylamide (5∙3 mL); 
 Tris base (5∙0 mL, 1∙5 M, pH 8∙8); 
 10% SDS (200 μL); 10% APS (200 μL); 
 TEMED (12 μL). 
 
Mixed and used immediately.  APS and TEMED added last 
 
15.  SDS-PAGE stacking buffer 
 Water (double distilled, 5∙5 mL); 
 30% acrylamide (1∙5 mL); 
 Tris base (1∙0 mL, 1∙0 M, pH 6∙8); 
 10% SDS (80 μL); 
 10% APS (80 μL); 
 TEMED (8 μL). 
 
Mixed and used immediately.  APS and TEMED added last. 
 
 
16.  Western blot transfer buffer 
 Tris base (300 mM) 
 Glycine (2 M) 
 SDS (1% v/v)  
 
Stable at room temperature for long periods.  Re-usable. 
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17.  TBS-tween 
 Tween-20 (1∙0 mL/L); 
 TBS (999∙0 mL/L). 
 
Stored at room temperature. 
 
18.  Milk-based blocking solution 
 TBS-tween (Solution 17) 
 5% (w/v) skimmed milk powder (food grade) 
 
Mixed and used immediately. 
 
19.  Tris buffer (1 M stock solution) 
 Tris base (121∙1 g/mol, 121.1 g/L); 
 Water (double distilled) 
 
The solution‘s pH was adjusted to 7∙4 using concentrated hydrochloric acid (37%, 
11.64 mol/L, ~50 mL).   
 
 
(iii) Enzyme kinetics: the Michaelis-Menten model 
 
Enzymological studies provide an insight into how enzymes work as a function of time, 
substrate concentration, substrate type and interaction with inhibitors.  The most basic studies of 
single-substrate enzyme-catalysed reactions are based on the Michaelis-Menten model of enzyme 
activity that was originally realised from studies with invertase377.  Deviations from this 
behaviour such as non-linearity in the resulting plots of data may be attributed to allosteric 
interactions or other mediating or competing processes.  The derivation of the Michaelis-Menten 
single-substrate reaction catalysis is based upon the premis that the concentration of the enzyme-
substrate complex [ES] is described as a function of free enzyme concentration ([E]), substrate 
concentration ([S]), and the rate of association (kf1).  The rate of dissociation (kb1) and rate of 
formation of the product (kf2) are both required to describe the reduction in concentration of [ES].  
In order to allow further algebraic manipulation of the variables, the ‗steady-state‘ assumption is 
applied.  This assumption relies upon the rate of the formation of the enzyme-substrate complex 
being equal to the rate of dissociation to give the free enzyme and substrate added to the rate of 
the formation of the product (and thus regeneration of the free enzyme).  An expansion of the 
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term describing free enzyme concentration, [E], provides the basis for algebraic manipulation to 
give an equation for the [ES].  Re-arrangements to give the expression in terms of [ES], followed 
by re-arranging the rate terms and substituting, gives the Michaelis-Menten equation, Eq. 30.  
This has been extended to include enzyme catalysis with two or more substrates, and with 
inhibitors, and is discussed in detail elsewhere374,378.   
 
  
 
 
 
  
 
 
  
 
 
  
 
 
 
  
Eq. 26.  Calculated concentration of enzyme-
substrate complex.  Sub-script ‘f’ refers to ‘forward 
reaction’. 
 
 
Eq. 27.  Calculated reduction in concentration of 
the enzyme-substrate complex. Sub-script ‘b’ refers 
to the ‘reverse reaction’. 
 
Eq. 28.  Apply the ‘steady state’ assumption that 
the rate of formation of the ES complex is equal to 
its loss.   
 
Eq. 29.  Account for the concentration of free 
enzyme being the total concentration of enzyme 
less that engaged in the enzyme-substrate 
complex.   
 
 
 
Eq. 30.  The Michaelis-Menten equation.  
 
 
 
 
(iv) Calculation and graph fitting  
 
In order to calculate the highest activity of the enzyme (Vmax, expressed as a level of activity, 
in this case, relative optical density, related to the concentration of free phosphate anions), and 
the concentration required to reach 50% of this activity (KM, expressed as a concentration of [S], 
typically in µM in the present study), a computer-based programme calculation of the fitting was 
used, provided by GraFit© Inc, GraFit 7∙0.  Using the Enzyme Kinetics function of this 
programme, calculations were based upon the substrate concentrations with respect to activity 
(expressed as optical density after addition of MGPIS).  Fitting error describes the deviations 
from the points of the best fit line.  Bar charts were generated using Origin 7∙0.   
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 (v) Assay Methods 
 
1.  Calibration of Malachite Green Phosphate Indicating Solution (MGPIS) indicator for 
assays (Graph 39, page 382) 
In order to detect the concentration of phosphate using a malachite green–based assay, the 
stock solution was calibrated in order to determine the range between which the concentration of 
phosphate has a linear relationship.  Solutions containing 0-2,000 pmoles (200 pmoles steps, 
80 µL volume per well) KH2OPO3 were assayed in triplicate against Malachite Green Solution 
(solution 8, page 396, 75 µL per well), allowed to react for 3 min after which time they were read 
by a visible-light chromatograph at 625 nm.  Concentrations above 1,400 pmoles show saturation 
and thus the linear relationship is 0-1,200 pmoles.  
 
2.  Base-line phosphate assays of synthetic lipid stock (Graph 50, Graph 51, Graph 52, page 404) 
Base-line phosphate assays were completed in order to determine the concentration of phosphate 
anions present in the lipid stock material.  Solutions of the lipids (0-300 µM) were made up in tris 
base (1 M, pH 7∙4) from dried lipid that had been measured out as a solution (20 : 9 : 1, 
CHCl3 : CH3OH : H2O).  80 µL aliquots of the lipid solutions were assayed against 75 µL 
aliquots of MGPIS(Solution 8, page 396) and the absorbance at 625 nm measured.  In all three 
cases a roughly-linear relationship is observed. 
 
3.  Bradford protein concentration calibration (Graph 49, page 402) 
In order to determine the yield from preparations of SopB and ensure a consistent and 
known concentration of SopB in the enzyme kinetic assays, the solution used for protein 
detection was calibrated in order to determine the range over which the relationship between 
protein concentration and optical density was linear.  The Bradford Reagent was used379 in which 
a soluble metallic complex (brown in aqueous solutions) is turned blue on contact with protein. 
0-1∙0mg/mL solutions (0∙1 mg steps) of Bovine Serum Albumin (BSA) in water were used 
in 15 µL aliquots, with 150 µL of the commercially-available Bradford Reagent (Aldrich Inc.) per 
well.  The system was calibrated for absorbtion at at 595 nm and samples analysed using the 
ELISA reader.   
 
4.  SopB phosphatase activity assay: OMFP fluorescence assay (Graph 37, page 378) 
Activity assays were used to determine whether or not the enzyme produced was consistent 
with previous batches and whether increasing [E] by a factor of two lead to a two fold increase in 
activity.  Optimum conditions for this assay consisted of 4 mM Mg++, 200 mM tris base, 60 min  
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Graph 49.  Calibration graph for Bradford’s reagent with Bovine Serine 
Albumin.  Concentration of BSA is shown in mg/mL.  15 µL protein 
solution to 150 µL commercially available Bradford reagent.   
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 with reading time points at 2 min intervals, 20 °C, 80 µL final volume/well, carried out in a 
similar fashion to published procedures380.  Initial experiments showed that higher concentrations 
of tris base buffer (>500 mM) suppressed all enzyme activity, where too low a concentration 
would not be able to buffer the assay solution effectively.   
 
5.  Magnesium ion dependence assay: SopB activity/[Mg++]  
An Mg++ assay to determine enzyme activity as a function of co-factor/activator 
concentration was also completed.  Assay of 0-12 mM Mg++ completed (with respect to other 
optimisations), showed that although enzyme activity was increased by Mg++, reaching the 
highest activity threshold at a relatively low concentration.  SopB was around half as active 
without Mg++ present as at 4 mM (Graph 41, page 384). 
 
6.  Assays with Phytic acid as substrate 
Phytic acid was used as a possible second test of enzymatic inositol phosphatase activity. 
Phytic acid (IP6, myo-inositol-1,2,3,4,5,6-hexakis-phosphate) assays were timed, typically 0-80 
mins.  Assayed solution: 10 mM Mg++, 100 mM tris base, 5-20 ug SopB,  200 µM phytic acid, 
80 µL final volume/well, 37 °C for the duration.  Assays halted using MGPIS (75 µL/well).   
 
7.  PI-4-P lipid assays (Graph 42, Graph 43 ,Graph 44) 
Optimum conditions: 1 ug SopB/well, in triplicate, with controls for each triplicate of assay 
points in duplicate.  Incubation conditions for all samples/controls: 4 mM Mg++, 200 mM tris 
base, pH 7∙4, 20 min at 37 °C.  Controls were carried out by incubation of substrate with 
magnesium ions and tris base (concentrations as above for samples).  Lipid solution added to 
ensure a final concentration of 0∙25% OGPS.  Enzyme added to controls moments before 
addition of 75 µL MGPIS to all wells to stop the assay.  Results presented as samples (according 
to the method used) less the average of the duplicate controls of the appropriate assay.  Error = 
+/- S.E. of the samples.  All points shown are used in the calculated figures.  Assay volume: 80 
µL/well.  SopB batch from group stock, same one used for all KM/Vmax assays. 
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Background Phosphate Assay (+)-DSPIP
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Graph 50.  Assay of base-line phosphate(s) in (+)-
DSPIP (1).   
Background Phosphate Assay (+)-SOPIP
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Graph 51.  Assay of base-line phosphate(s) in (+)-
SOPIP (2).   
Background Phosphate Assay (+)-SGPIP
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Graph 52.  Assay of base-line phosphate(s) in (+)-
SGPIP (3).  
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 (vi) Preparation of SopB phosphatase   
 
SopB plasmid (ampicillin resistance, IPTG expression, 1 µL, aqueous suspension, stored at -
25 °C), added to E. Coli XL1 (aqeous suspension, stored at -80 °C), and exposed to heat-shock 
(42 °C, 90 sec) after which time the solution was cooled on ice for 30 min before being 
transferred onto agar and incubated (37 °C, 16 h).  The cultures were then transferred to and 
grown in LB broth (3 × 10 mL samples, 10 µL of 100 mg/mL aqueous ampicillin) and incubated 
(37 °C, 16 h).  The 10 mL solutions were diluted into 3 × 1 L broths and incubated (37 °C, 6-
22 h).  Protein synthesis was then induced at 18 °C for 48 h, using IPTG (1mM final 
concentration), after which time the bacterial cells were harvested.  Once thawed at 4 °C the 
suspension was dissolved into an aqueous, protease-inhibiting (AEBSF, trypsin inhibitor) and 
buffered (tris-base) detergent (Triton X-100) system.  This was mixed thoroughly at 4 °C (1 h), 
ultra-sonicated (9 × 2 min at power 9), further AEBSF added (1 mmol/mL lysate solution), and 
mechanically homogenised before being centrifuged (11,500 RPM, 4 °C, 60 min).  It was found 
that PMSF was a less good protease inhibitor, by between one and two orders of magnitude than 
AEBSF.  The desired protein was separated from the clear yellow solution using glutathione 
sepharose 4B beads (2 mL suspension in 4:1 water : ethanol v/v, GE Healthcare, lot 10028708).  
These bind to the glutathione S-transferase (GST) tag attached to SopB, allowing the other 
material to be washed away.  The sepharose beads were washed with washing buffer 1 
(3 × 10 mL, Solution 3, page 395) and then washing buffer II (3 × 10 mL, Solution 4, page 396).  
The protein was released from the beads using an elution buffer and concentrated through a 
30 μm filter and centrifuging.   
The desired protein was isolated (1-2 mg) whose activity doubled on doubling [E].  OMFP 
used as substrate for activity assays (Graph 41, page 384).  The presence of protein during 
purification was determined via assay with Bradford‘s reagent379, calibrated as shown above 
(Assay method 3, page 401) and in Graph 49. 
.   
 
(vii) Gel electrophoresis and Western blot 
 
In order to verify the poresence of the desired protein, a chromatography-based technique 
(Gel electrophoresis) and a chemiluminescence technique (Western blot) were used.    
Gel electrophoresis was completed using a vertical BioRad GE kit, with loading gel added 
first, and allowed to settle, sealed from the air by tert-butanol and left to settle for half an hour.  
The stacking buffer was then inserted after the removal of the organic solvent, along with the 
plastic comb that defines the cells in which the protein solutions are later added.  The stacking 
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buffer was allowed to set for half an hour and then the SDS running buffer (Solution 12) added 
before the protein solutions was inserted into the cells.  Protein samples were mixed with  
protein lysis buffers and the combined volumes heated to 95 °C for 5 min using a heating block.  
The left hand lane of the gel is is the commercially-available reference (Bioline, 15-100 kDa 
coloured reference for gel electrophoresis).  The gel was run for one hour with a current of 180 V 
and 200 mA after which time it was stained with Coumassie blue, and washed in distilled water 
over night.  Protein bands were observed as a bright blue colour.    
The Western blot was used to confirm the size of the protein and the presence of the 
glutathione-S-transferase (GST) tag beyond that in gel electrophoresis.  The separated proteins 
were transferred from the gel medium onto a nitrocellulose membrane before being probed by 
anti-bodies specific to the GST-tag.  A wettened nitrocellulose membrane (cut to size) was placed 
on one face of the gel and the two placed within a a transfer cassette which is then transferred to 
an electroblotting chamber at 4 °C.  The transfer buffer (Solution 16) was used to wetten the 
nitrocellulose membrane before the transfer was initiated.  The transfer conditions are 1 h with a 
current of 110 V and 400 mA.  A prepared ice block is placed adjacent to the cassette during the 
running in order that the gel does not melt due to the heat caused by the electrical resistance.  
Several treatments of the membrane were then completed in before imaging by 
chemiluminescence was reliable.  First, the membrane was washed with TBS tween (Soluiton 17, 
three times, five minutes exposure each, with gentle agitation) in order that the membrane does 
not interact with the anti-body, thus restricting possible interactions to the GST-tag alone.  The 
membrane was then blocked with a solution of 5% milk powder in TBS Tween (Solution 18), 
preventing further interaction between the membrane and proteins in handling.  Excess blocking 
solution was removed and the membrane washed (TBS-tween, Solution 17, three times, five 
minutes exposure each, with gentle agitation) during which time a 1:5,000 dilution of murine 
GST antibody was prepared, with the GST antibody dissolved in solution 18.  The membrane was 
exposed to this solution with gentle agitation for 16 h at room temperature before it was removed 
and the excess washed away with solution 17.   
The membrane‘s chemiluminescence was observed with an exposure time of 15 minutes 
(using an enhanced chemiluminescence detector, Fujifilm LS300).  The membrane was not 
allowed to dry and the images were recorded shortly after the last washes of the preparation 
procedure.    
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Chapter 15 – Summary and Concluding Remarks 
     
In order to determine the physical influence of the presence of a minor-component lipid on a 
biological system in vivo, several components are required.  First, the lipid in question must be 
isolated or prepared in such a way to give a pure isolate that is in a format sympathetic to other 
studies (biophysical and enzymological).  Second, the lipid‘s physical behaviour in the context of 
other systems must be characterised.  Third, the lipid, along with relevant analogues, must be 
exposed to biological systems and the results recorded.  In this set of studies, 
phosphatidylinositol-4-phosphates of a saturated (DSPIP, 1), singly-unsaturated (SOPIP, 2), and 
triply-unsaturated (SGPIP, 3) were prepared synthetically to give an appropriate isolate.  This 
was done in order to ensure the highest purity possible, in terms of the fatty acid residues—the 
natural extracts of PI-4-P contain a variety of fatty acid residues, but are not separable with 
current techniques—as well as the concentrations of free phosphate, other lipids, other organic 
molecules and inorganic salts.  In preparing these lipids synthetically, data concerning the 
reactivity of myo-inositide intermediates has been collected, a process that informs future 
synthesies using these building blocks, as well as the limits of the reactions used in other 
applications.  This is largely linked to the reactivity of the 1- and 3-OHs.  This research has also 
demonstrated that these lipids may be produced from readily-available materials.  These lipids 
have an estimated value in excess of £4,000/mg for racemic and £8,000/mg for enantio-pure 
samples of lipid, of which a total of around 300 mg of racemic and 90 mg of enantio-pure were 
produced (based upon the value of PI-3,4,5-P3 produced in laboratories at King‘s College 
London61,63).  The schemes and strategies employed several features that have not previously 
been published.   
At the time of writing, there are no pressure or temperature mesophase diagrams for PI-4-P 
lipids, and only one for PI (produced in laboratories at Imperial College185).  Thus, the result that 
the presence of even a small molar percentage of this lipid having a pronounced effect upon the 
phase behaviour of the system it inhabits provides a novel and insightful entry into the possible 
physical behaviour of this lipid in vivo.  In the present study, DSPIP was investigated in some 
depth, in order to provide a characterisation of the physical behaviour of  PI-4-P with a saturated 
hydrocarbon fraction.  The stearoyl residue alone represents around 40% of the fatty acid 
residues present in PI-4-Ps252,254.  The results from this study strongly suggest that DSPIP has a 
propensity for inverse phases.  In fact no normal phases were observed in this study, the closest 
being the ‗nought-point‘ of Lc, a phase recorded at higher pressures (generally above 3,000 Bar) 
and at lower temperatures (below -10 °C) of systems with a lower relative molar proportion of 
DSPIP.  The desire for inverse curvature is substantiated by the formation of both inverse cubic 
and inverse hexagonal phases, both of which are recorded in the range of physiological  
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temperature and pressure.  Although the hexagonal phase is stable well outside of this range of 
both pressure and temperature, the inverse cubic phase—which is arguably a more similar shape 
to those formed during processes in which lipid bilayers divide— has been recorded at 
atmospheric (sea-level) pressures (in the range of physiological temperature) under certain 
circumstances, principally on decreasing pressure scans.  This implies the possibility that if non-
lipidic membrane components such as proteins can exhibit pressure on the membrane they may 
encourage curvature of a ‗pseudo-cubic‘ type in systems that comprise DSPIP.  The propensity for 
inverse phases in DSPIP-containing systems suggests strong head group-to-head group 
interactions and implies that these lipids will be found where strong inverse curvature, or a desire 
for the same, are necessary.  Examples include division of lipid bilayers in processes such as cell 
division.   
Despite the limits of the mesophase behaviour on inositides reported to date, it appears 
possible that the presence of the inositide may have a buffering effect on the curvature preference 
of the system it is in.  Studies of inositides that have exposed the phase behaviour of these lipids 
by chance, as well as one in progress in our own laboratories suggests that when mixed with non-
charged type II lipids rather than type 0 lipids250, there is evidence for behaviour more like type I 
from the inositide.  This is in contrast to results from mixes with type 0 lipids completed here and 
in previous work in our laboratories for phosphoinositide185.  Simulations of the behaviour of 
PI-4,5-P2 and PI-3,4,5-P3 in a PC system ab initio suggest that the head group tilts to an angle of 
around 40° though no comment is made upon why this may occur249.  If this ring tilting is chiefly 
related in practice to the hydrogen bonding the inositide has with neighbouring head groups as 
seems reasonable, the variation in behaviour may be readily explained.  The head group of 
DOPE can form hydrogen bonds with its neighbours much more easily than it can with water, 
and much more easily than can DOPC.  Thus it may also form strong neighbourly interactions 
with the functionality of the inositide head group, drawing the inositol ring closer to being 
perpendicular with the plane of the head group surface and away from the aqueous fraction.  
However, the energetic requirement or favourability of this is less in the case of DOPC, which is 
known to have less in the way of head group-to-head group interactions than typical PE 
lipids144,214 and thus the inositiol head group is tilted further away from the plane of the head 
group surface; it is just not held as strongly by the PC head group.  In purely inositide systems, 
the head group interactions may be so strong as to exclude water (or lengthen the time required 
for the system to reach equilibrium) to the point that it is these factors that are the dominating 
force in the behaviour of the system.  The arguable evidence in this study for a micellar assembly 
at 100% DSPIP and for the fluid lamellar phase in 100% PI (extracts from natural sources)185, 
would suggest retrospectively that the former exhibits stronger head group-to-head group 
interactions than the latter, and the evidence from this study of type II behaviour is one aspect  
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only of the behaviour of this class of lipid.  This hypothesis, combined with the observations of 
phase behaviour of inositides with different numbers of phosphates on the inositol ring, hints at a 
complicated and subtle physical role for the these lipids in vivo.   
If true, this lends potentially efficacious control of membrane curvature and membrane 
stress to the cell as release of inositides draws the system towards a biologically desired 
homeostatic point.  This rationalisation of the behaviour of inositides is particularly fitting in the 
context of controlling membrane curvature—altering the proportion of inositides in the bilayer 
not only mediates the curvature elastic stress present but also indicates what the stress is on the 
surface via tilting of the head group.  As these factors can be controlled by a lipid that is in a 
distinct minority, changes to the membrane can be effected quickly and strongly as required.  
This puts the notion of localised areas of concentrated inositides in a different light.  Such areas 
would have a pronounced influence on stored curvature elastic stress, which concur with their 
being influences on all aspects of the behaviour of these lipids, that have been reported in the 
literature4,9,15,17,18,64,381.   
In order to understand DSPIP‘s true phase character, an investigation into how it behaves in 
the presence of other lipids is important.  This would provide a contrast with the present study.  
First attempts may therefore include a type I lipid, in order to complement the current study and 
related work250. 
Although the biophysical studies have focussed on one PI-4-P only, the influence of the fatty 
acid residues is not wholly dependent on the head group to which they are attached.  Thus, the 
effects of changes to the hydrocarbon fraction by increasing unsaturation may be inferred on 
inositide-containing systems, where the behaviour of the inositide head group is known and 
where that of differing fatty aid residues has been recorded.  This can be used to inform the 
behaviour observed in pseudo-biological systems, such as the one used to examine the kinetic 
properties of the catalysis of SopB.  The inositide substrates in the assays undertaken in this study 
were exposed to the enzyme using the detergent n-octyl-β-D-glucopyranoside used to prepare a 
micellar-type delivery system.  It is unreasonable to assert that the lipids, with measurably 
different glyceride components, will not influence the shape of the micellar structures produced.  
A measurable and statistically significant difference in activities between the lipids and SopB 
assays were recorded, with the strongest activity on the more saturated and least activity on the 
most unsaturated lipid.  The intermediately-unsaturated lipid (SOPIP) indicated that this 
relationship is a non-linear one.  However, the enzyme is not understood to possess a glyceride 
residue binding domain.  Initially this appears at odds with the observation of the relationship 
between unsaturation and the rate of dephosphorylation uncovered in this study.  This implies 
that the glyceride region affects the activity at arm‘s length, presumably the presentation of the 
lipid to the enzyme in terms of micellar shape makes a crucial difference to the enzyme‘s  
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catalytic activity on that substrate.   
From a biophysical perspective, the curvature of the micelles with saturated-fatty-acid-
residue-containing-inositides is predicted to be lower than that of unsaturated ones as this work 
strongly suggests that the chain splay is greater for saturated lipids, concurrent with their reduced 
movement in space.  Additionally, several subtle effects are plausible here as evidence from 
physical studies on lipids with differing fatty acid residues have shown that the less saturated a 
fatty acid residue becomes, the more fluid-like the resulting system‘s behaviour is145,228.  This 
suggests that a step-wise change in the shape of the lipid molecule-containing micelles is realistic.  
More generally for these micelles, a surface curvature of a similar shape to vesicles is produced as 
both principal curvatures in micelles and the inner leaf of vesicles is positive, however the surface 
of a micelle has higher curvature than any vesicle as it has a shorter radius.  This implies that the 
effect of fluidity as partly expressed by the shape of the micelle is not the only one that influences 
substrate binding to this enzyme.  Further work on this area would undoubtedly benefit from 
enzymatic studies with PI-4-Ps located within vesicles or pseudo-cellular structures, giving a 
surface and lipid head group presentation that is of negative curvature, not unlike that expected 
in vivo.  Despite that, these results give reason to believe that differences in the unsaturation of 
fatty acid residues has a statistically significant effect on the activity of the SopB enzyme, and 
thus implies the possibility of the same with analogous systems.   
Despite the evidence from the present study, the phase behaviour of many of the inositides is 
not yet understood, and thus neither is their precise role, either physical or chemical, in the 
division of lipid bilayers.  There is anecdotal evidence from another study that as well as the 
PI-4-P in this physical study, certain PIP2s are capable of forming phases with cubic symmetry.  
However this has not been tested rigorously223.   
With this evidence presented above, further work may benefit from several different foci, 
principally within the biophysical arena.  For example:  
 
 A similar investigation to this one, but in which other inositides are examined – possibly 
also with SopB as a phosphatase, thus forming a two-part study; 
 A broadening of the biophysical examination in order that the precise behaviour of 
unsaturated PI-4-Ps is recorded; 
 A broadening of the biophysical study to include other lipid mixtures, in order to assess 
the effect of the interaction between inositide(s) and, for example 
phosphatidylethanolamine (though one such study is under way250) 
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In order to complete such studies, a suitable (synthetic) source of the inositide lipids must be 
found, in order that data generated from the experiments with inositides can be attributed to their 
structure. 
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viii. Index 
 
(+/-)-sn-1,2-O-Di[10-(pyren-1-
yl)decanoyl]-3-O-
(cyanoethyloxy)phosphate-glycerol 
triethylammonium salt 235 
(+/-)-sn-1,2-O-Di[10-(pyren-1-
yl)decanoyl]-3-O-
(dicyanoethyloxy)phosphate-glycerol 
233 
(+/-)-sn-1,2-O-Di[10-(pyren-1-
yl)decanoyl]-3-O-pixyl 231 
(+/-)-sn-1,2-O-Di[10-(pyren-1-
yl)decanoyl]glycerol 231 
(+/-)-sn-3-O-pixyl-glycerol 229 
(1,2-O-Distearoylglycer-3-
yloxy)(dicyanoethyloxy)phosphate 
221 
(1,4)-di-(-
)-menthoxyacetoyl-(2,3)(5,6)-O-dicyc
loexylidene-myo-inositol 205 
1,2-O-Di[10-(pyren-1-yl)decanoyl]-3-O-
(2-(Boc-aminoethanoxy))-phosphate-
glycerol triethylammonium salt 237 
1,4-O-Di(S-acetylmandelyl)-(2,3)(5,6)-
dicyclohexylidene-myo-inositol 209, 
211 
1,4-O-Di(S-acetylmandelyl)-(2,3)(5,6)-
O-dicyclohexylidene-myo-inositol 207 
1-H-Benzotriazolium-N,N,N',N'-tetrameth
yluronium-hexafluorophosphate See 
HBTU 
(acylating agent) See HBTU 
1-O-(1,2-O-Di[10-(pyren-1-
yl)decanoyl]glycer-3-yloxy)(2-
cyanoethyloxy)phosphoryl-4-O-di(2-
cyanoethyloxy)phosphoryl-(2,3)(5,6)-
O-dicyclohexylidene-myo-inositol 247 
1-O-(1,2-O-Distearoyl glycerol 219, 239 
1-O-(1,2-O-Distearoylglycer-3-yloxy)(2-
cyanoethyloxy)phosphoryl-4-O-di(2-
cyanoethyloxy)phosphoryl-(2,3)(5,6)-
O-dicyclohexylidene-myo-inositol 243, 
251 
1-O-(1-O-stearoyl-sn-2-oleoyl glycer-3-
yloxy)(2-cyanoethyloxy) phosphoryl-
4-O-di(2-cyanoethyloxy)phosphoryl-
(2,3)(5,6)-O-dicyclohexylidene-myo-
inositol 245 
1-O-(1-O-stearoyl-sn-2-γ-linolenoyl 
glycer-3-yloxy)(2-
cyanoethyloxy)phosphoryl-4-O-di(2-
cyanoethyloxy)phosphoryl-(2,3)(5,6)-
O-dicyclohexylidene-myo-inositol 245 
1-O-(9-Phenylxanthen-9-yl)-(2,3)(5,6)-
dicyclohexylidene-myo-inositol 197 
1-O-(9-Phenylxanthen-9-yl)-4-O-dsi(2-cy
anoethyloxy)phosphoryl-(2,3)(5,6)-O-
dicyclohexylidene-myo-inositol 203 
1-O-(9-Phenylxanthen-9-yl)-4-O-tert-
butyldiphenylsilyl-(2,3-
5,6)dicyclohexylidene-myo-inositol 
195 
1-O-(cyanoethyloxy)phosphatidyl(1,2-O-
Di[10-(pyren-1-yl)decanoyl]glycerol-
(2,3)-(5,6)-O-dicyclohexylidene-myo-
inositol 241 
1-O-(cyanoethyloxy)phosphatidyl(1,2-O-
distearoyl)glycerol-(2,3)-(5,6)-O-
dicyclohexylidene-myo-inositol 239 
1-O-(cyanoethyloxy)phosphatidyl(1-O-st
earoyl-sn-2-oleoyl)glycerol-(2,3)-(5,6)-
O-dicyclohexylidene-myo-inositol 239 
1-O-(cyanoethyloxy)phosphatidyl(1-O-st
earoyl-sn-2-γ-
linolenoyl)glycerol-(2,3)-(5,6)-O-
dicyclohexylidene-myo-inositol 241 
1-O-(Cyanoethyloxy)phosphoryl-(2,3)(5,
6)-O-dicyclohexylidene-myo-inositol 
237 
1-O-/4-O-(9-phenylxanthen-9-yl)-
(2,3)(5,6)-dicyclohexylidene-myo-
inositol isomers 199 
1-O-/4-O-tert-butyldiphenylsilyl-
(2,3)(5,6)-dicyclohexylidene-myo-
inositol 195 
1-O-tert-Butyldimethylsilyl-(2,3)(5,6)-
dicyclohexylidene-myo-inositol 189 
1-O-tert-Butyldiphenylsilyl-4-O-
levulinoyl-
(2,3)(5,6)-O-dicyclohexylidene-myo-
inositol 199 
3,6-O-Di(S-acetylmandelyl)-(1,2)(4,5)-
dicyclohexylidene-myo-inositol 207, 
209 
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3-Trimethylsilyloxy-
propionitrile/cyanoethyloxytrimethyls
ilane 253 
4-O-Di(2-cyanoethyloxy)phosphoryl-
(2,3)(5,6)-O-dicyclohexylidene-myo-
inositol 203 
4-O-
Levulinoyl-(2,3)(5,6)-O-dicyclohexylid
ene-myo-inositol 201 
4-O-phosphoroxy(dipropionitrile)-1- O-
tert-Butyldimethylsilyl-(2,3)(5,6)-
dicyclohexylidene-myo-inositol 193 
4-O-tert-Butyldimethylsilyl-(2,3)(5,6)-
dicyclohexylidene-myo-inositol 191, 
193 
9-phenylxanthanyl 175, 203 
acetal 
(functional group) 159, 165, 211, 215 
actin 133 
AEBSF 33, 395, 396 
ammonium chloride 
(buffer, quench) 166, 211 
Ampicillin 395 
Arbuzoff 
(reaction mechanism) 169 
AvrA 135 
benzoyl 
(protecting group) 160 
benzyl 
(protecting group) 172, 173, 175, 217, 219 
bilayer 36 
Boc group 183 
camphanyl 
(chiral auxiliary) 64, 157, 162, 213 
chaotropes 105, 119 
CMC 385 
conformation 
(molecular) 145, 149 
critical micelle concentration 82, See CMC 
crystal lamellar 89, 91, 93, 95, 109, 111, 
304, 305, 306, 307, 313, 316, 317, 319, 
327, 334, 335, 336, 337, 338, 339, 340, 
342, 343, 344, 345, 347, 351, 356, 357, 
358, 359, 361, 362, 363, 365, 366, 367, 
368, 369, 375 
crystallisation 51, 65, 67, 71, 75, 147, 156, 
157, 165 
(purification technique) 157, 165, 167 
cubic phases 82, 83, 85, 99, 101, 113, 371, 
373 
curvature elastic stress 37, 99, 175, 309, 
411 
cyclohexylidene 58, 65, 71, 73, 79, 159, 
165, 187 
(protecting group) 159, 165, 191, 193, 195, 
197, 199, 201, 203, 205, 211 
cytoskeleton 97, 103, 133 
deprotection 146, 149, 166, 167, 168, 171, 
179 
desilylation 153 
Di[10-(pyren-1-yl)decanoyl]-
phosphatidylethanolamine 237 
Dicyanoethylphosphorochlorodite 255 
dimethylaminopyridine See DMAP 
dioleoylphosphatidylcholine 4 
distearoylphosphatidylinositol-4-
phosphate See DSPIP 
Distearoylphosphatidylinositol-4-
phosphate 249 
DMAP 
(basic catalyst) 33, 150, 159, 161, 176, 199, 
219 
DOPC 33, 89, 100, 101, 115, 295, 300, 
301, 302, 304, 306, 308, 309, 310, 312, 
321, 332, 333, 336, 337, 340, 341, 342, 
344, 346, 348, 350, 352, 353, 356, 358, 
362, 363, 366, 368 
DOPE 100, 101, 117, 301, 360 
DSPIP 4, 7, 33, 44, 45, 103, 180, 295, 
300, 301, 302, 304, 306, 307, 308, 309, 
310, 312, 315, 321, 332, 336, 337, 340, 
341, 342, 344, 346, 348, 350, 352, 353, 
356, 358, 362, 363, 366, 368, 381, 404, 
407 
E. Coli XL1 379, 405 
EDCI 33, 158, 159 
epimerisation 158, 159, 160, 161, 163 
ethyl(dimethylaminopropyl)carbodiimide 
(acylating agent) See EDCI 
exothermic 163 
Ferrier re-arrangement 49 
Ferrier Re-arrangement 49 
fluid mosaic 
(membrane model) 37 
gel lamellar 88, 89, 93 
Gibb’s phase rule 351, 365, 373 
glucose 49 
Glucose 73 
glutathione S-transferase 405 
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glyceride 145, 148, 151, 163, 169, 173, 
174, 175, 176, 177, 179, 180, 183, 185, 
189 
GTPase 133 
HBTU 33, 158, 160, 161 
High per formance liquid chromatography 
See HPLC 
HPLC 
(purificatiuon technique) 51, 157 
hydrogenolysis 47, 49, 53, 55, 57, 58, 61, 
175 
hydrolysis 153, 165, 175 
hydrostatic pressure 101, 325, 333, 341, 
360 
hydroxide 
(hydrolysing agent, deprotection) 167 
Ia3d 99, 330, 333, 334, 335, 337, 339, 342, 
344, 346, 347, 348, 349, 350, 352, 353, 
355, 357, 359, 365, 369, 371, 373, 375 
inositide 39, 45, 47, 51, 53, 55, 56, 57, 59, 
71, 107, 109, 117, 119, 123, 145, 171, 
179 
Inositides 
inositide 45, 103, 115 
inositol 
(myo- derivative) 39, 81, 115, 145, 147, 151, 
156, 157, 162, 165, 169, 173, 179, 181, 
185, 189, 191, 193, 195, 197, 199, 201, 
203, 205, 207, 209, 211, 213, 215, 237, 
239, 241, 243, 245, 247, 249, 251 
inverse hexagonal 37, 80, 93, 96, 97, 99, 
107, 109, 113, 117, 301, 305, 306, 307, 
309, 311, 313, 314, 315, 316, 317, 319, 
320, 321, 323, 331, 333, 334, 335, 336, 
337, 338, 339, 340, 341, 342, 343, 344, 
345, 346, 347, 348, 349, 350, 351, 352, 
353, 355, 356, 357, 358, 359, 361, 362, 
363, 365, 366, 367, 368, 369, 371, 373, 
375, 407 
Inverse hexagonal 36, 97 
inverse hexagonal phase 37, 80, 99, 107, 
109, 301, 306, 307, 311, 333, 357 
isopropylidene 
(protecting group) 173, 177, 217 
Isopropylidene 73 
levulinoyl 
(protecting group) 151, 199, 201 
Lewis acid 46 
Malachite Green 401 
Mariana trench 325 
Menthoxyacetyl 
(chiral auxiliary) 64 
migration 172, 177, 183 
N-methyl imidazole 147, 174, 203, 207, 
243, 247 
NMRS 34, 145, 158, 159, 162, 163, 165, 
169, 181, 183, 185, 189, 191, 195, 207, 
211, 217, 249, 253, 255 
nucleic acid 37, 179 
OGPS See n Octyl-β-D-glucopyranoside 
olefin 
(functional group) 39, 173, 181 
olefin metathesis 51 
OMFP 383, 401, 405 
PE 34, 36, 37 
Phase diagram 328, 334, 335, 338, 339 
phosphatidylethanolamine 37, 79, 175, 
178, 179, 180, 183, 187, 237 
Phosphatidylethanolamine See PE 
phosphorylation 39, 147, 151, 155, 168, 
169 
phytase 389 
phytic acid 383, 385, 389 
PI 5, 6, 8, 34, 39, 45, 49, 51, 52, 53, 54, 
55, 56, 58, 64, 65, 67, 69, 70, 71, 72, 73, 
78, 79, 103, 115, 117, 119, 121, 127, 
129, 133, 135, 137, 139, 141, 145, 148, 
157, 171, 173, 175, 177, 178, 179, 180, 
181, 183, 301, 303, 309, 323, 325, 333, 
343, 379, 382, 383, 385, 388, 391, 403, 
407, 409, 411, 413 
PI-3,4,5-P3 51, 55, 65, 139 
PI-3,4-P2 139 
PI-3,5-P2 139 
PI3K 34 
PI-4,5-P2 39, 117, 119, 121, 137, 139 
PI4K 34 
PI-4-P 6, 39, 79, 119, 121, 127, 137, 139, 
175 
pixanol 
(protecting group) 175, 176, 177, 225, 229, 
231 
pixyl 
(protecting group) See pixanol, See pixanol 
PMSF 34, 397, 405 
pyridinium bromide perbromide 166, 169, 
213 
ruffles 133 
S-Acetyl Mandelic Acid 207 
S-acetylmandelic acid 157, 159 
(chiral auxiliary) 159 
(chrial auxiliary) 64 
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Salmonella 6, 133, 137 
SGPIP 34, 44, 45, 180, 381, 404 
silylation 147, 155 
sn-1,2-O-Di[10-(pyren-1-yl)decanoyl]-3-
O-
(2-cyanoethyloxy-2-(Boc-aminoethano
xy))-phosphate-glycerol 235 
sn-1-O-Stearoyl-2,3-O-isoproylidene 
glycerol 221 
sn-1-O-stearoyl-2-O-oleoyl glycerol 229 
sn-1-O-Stearoyl-glycerol 223 
SopB 9, 34, 133, 379, 395, 401, 403, 405 
SopE 133 
SOPIP 34, 44, 45, 180, 381, 404 
SPI1 135 
SptP 135 
Stearoyl-oleoyl-phospatidylinositol-4-
phosphate 251 
Stearoyl-γ-linolenoyl-
phospatidylinositol-4-phosphate 251 
swollen cubic phases 101 
T3SS1 135 
TBAF 34, 150, 153, 201 
TBDPS 
(silyl protecting group) 34, 144, 147, 151, 
195, 197 
TBS 
(silyl protecting group) 34, 144, 147, 149, 
189, 191 
tetrabutylammonium fluoride 
(TBAF) See TBAF 
tilted gel 34, 95 
Tricyanoethyl phosphite 253 
typhimurium 132, 135 
X-ray Diffraction See XRD 
X-ray photoelectron spectroscopy 261 
XRD 7, 35, 297, 300, 302, 308, 312 
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